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THE 


PHYSICAL REVIEW. 


CHARCOAL ACTIVATION. 


By H. HorToN SHELDON. 


SYNOPSIS. 


Adsorption of Gases by Charcoal—Heat Effect.—The first part of this paper com- 
prises a study of the heat effect on the adsorption of hydrogen and nitrogen by 
charcoal, and is a continuation of the work of Dr. Harvey B. Lemon! in which air was 
used. The charcoal is heated for periods varying from one hour to twenty hours at 
temperatures from 400° C. to 1000° C., and at the same time the gases given off are 
pumped out with a mercury condensation pump. The activity of the charcoal is 
tested after each treatment by its adsorption of gas at liquid air temperature, and 
the results are shown by curves where logarithm of time in minutes, is plotted 
against logarithm of pressure in centimeters. The agreement with predictions from 
the hydrocarbon theory of adsorption are pointed out. That activation takes place 
by slow oxidation at room temperature is also shown. 

A New Form of Charcoal—Selective Adsorption.—By heating to 1000° C. for 3% 
hours, a sample of charcoal was put into a condition such that it adsorbed hydrogen 
more readily than nitrogen. Theory is advanced to account for this. 


HE results obtained at Ryerson Laboratory some time ago by Dr. 
Harvey B. Lemon! on the activation of charcoal, and published 
recently, led at the time to two obvious suggestions; the first, that the 
activation was due to the oxidation from the air used—the hydrocarbon 
hypothesis; the second, that it was due to a modification of the charcoal 
structure, brought about by the heat treatment. 

Of these two, the hydrocarbon hypothesis met with the greater favor, 
and in articles published since the war? has been enlarged into a more 
or less complete theory. The observations on which this theory was 
based, however, were apparently made from experiments in which the 
charcoal was tested under field conditions, such as existed in gas masks, 
and no attempt was made to free the charcoal from air, moisture, etc. 
Further, since no data was published in support of this theory, it was 
decided to perform some experiments here with pure gases to satisfy 


1 PHYSICAL REVIEW, Vol. 14, No. 4, Oct., 1919. 
2 J. of Ind. and Eng. Chem., Vol. II., No. 5, May, 1919. N. K. Chaney, paper presented 
at Thirty-sixth General Meeting of the American Electro-Chemical Soc., Chicago, 1919. 
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ourselves of the conclusions drawn. Accordingly work was begun on 
pure nitrogen and pure hydrogen. 

In the course of the work, which was similar to that done by Dr. Lemon 
with air, it was observed that charcoal could be activated or deactivated 
so far as the adsorption of nitrogen was concerned, much more easily 
than was the case with hydrogen. This at once suggested the possibility 
of putting charcoal into such a condition that it would adsorb relatively 
a large quantity of hydrogen compared to nitrogen, thus being the reverse 
of all previously known charcoals. 

This was successfully carried out as noted in Science for December 19, 
1919; and in a paper by the author before the American Physical 
Society in November, in which the method was described. So little 
has as yet been done on this, that it is at present impossible to predict 
jts utility in commerce. 





The apparatus which was identical with Dr. Lemon’s, consisted of a 
central volume, connected on the one side to a McLeod gauge and on 
the other to a mercury condensation pump. From the central volume 
branched three tubes which contained the charcoal, and each of which 
could be closed from the rest of the system by stopcocks. The tubes 
were made of iron and were connected to the glass system by ground 
joints. The gas in these tubes could be tested by the use of Geissler 
tubes attached to their sides, which were also used to roughly gauge the 
vacuum. The purity of the hydrogen used was tested by using the 
Geissler tubes with a disruptive discharge, but in the case of the nitrogen 
the test was made by observing the afterglow in an electrodeless discharge 
tube. 

Each charcoal tube contained 25.7 gms. of charcoal, which was dried 
by heating and weighed while still hot. The first tube contained U. S. 
Government 600-minute charcoal, and the other two Sample No. 16, 
which was carbonized at 670° C. for three hours. This latter was part 
of the same sample No. 16 used by Dr. Lemon and later by Dr. Lemon 
and Miss Blodgett.! Only one of these latter tubes will be recorded, 
the second being used as a check only. 

The method used was to enclose the three tubes in a furnace and to 
heat the charcoal to various temperatures, and for various lengths of time 
as specified throughout the paper. All gases given off from the charcoal 
when heated, were pumped out by the condensation pump which was 
kept running, until, when the furnace was allowed to cool; it was closed 
off by a stopcock, at about 400° C. Below this temperature an auxiliary 


1 PHYSICAL REVIEW, Vol. XIV., No. 5, Nov., 1919. 
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charcoal bulb immersed in liquid air was used to insure a good vacuum. 
This process has been called ‘‘outgassing.”’ 

The central volume was then filled with the gas whose adsorption it 
was desired to measure, and readings taken on the individual charcoa] 
tubes at liquid air temperature. 

These readings are shown on the graphs where the logarithm of the 
time in minutes is plotted against the logarithm of the pressure in centi- 
meters. With the exception of the curves in Figs. 5 and 6, which were 
taken with an initial volume of 1,780 c.c. (at normal temperature and 
pressure) all the curves were taken with an initial volume of 926 c.c. 
normal. 

Part I. 

The curves of Fig. 1 are the adsorption curves of hydrogen. Curve 1 
was taken atter a preliminary outgassing of 15 hrs. at 400° C.; curve 2 
after 8 hrs. at 400° C.; and curve 3 after 20 hrs. at 400° C. 
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Fig. 1. 


It will be observed here that the final pressure is unchanged throughout, 
while at this temperature when air was used the charcoal was greatly 
activated. This agrees with the hydrocarbon theory that the activation 
at this temperature is due to the removal of inactive hydrocarbons by 
oxidation. The fact, however, that the rate of adsorption is greatly 
increased as shown by the drop in the initial end of the curve may be 
of significance and is discussed later. 

In Fig. 2, curve I is curve 3 re-drawn from Fig. 1. Curve 2 was 
taken after 16 hrs. at 600° C.; curve 3 after 15 hrs. at 700° C.; curve 4 
after a second 15 hrs. at 700° C.; curve 5 after 10 hrs. at 800° C. and 
curve 6 after 9 hrs. at 800° C. 

From the figure it will be seen that an outgassing at 600° C. had no 
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effect, and so from this it may be concluded that any temperature below 
this is incapable of driving off hydrocarbons when only hydrogen is 
present. The first outgassing at 700° C. gives a decided improvement, 
showing that, according to the hydrocarbon theory, the boiling point 
of some of the hydrocarbons had been exceeded. The activity attained 


3.0 





le 3, Fig. 
3-600 C- 


uo 58002 C-10 bre. 
6-800 C- 9 bre. 


LOG. PRE 


Qo 





FIGURE 3 
a0 0.0 1.0 9.0 0.0 1.0 


LOG. TIME. 





Fig. 2. 
after 15 hrs. of this temperature was not improved after a second run of 
15 hrs. Apparently all the hydrocarbons that could be driven off at this 


temperature were driven off in the first outgassing. 
Ten hours at 800° C., however, again gave improvement, showing 
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Fig. 3. 


that other hydrocarbons had been driven off. A second 9 hours showed 
that no further improvement could be made at this temperature. Thus 
this set of curves shows three slightly different stages of activity. 

In Fig. 3, curve 1 is curve 6 of Fig. 2 re-drawn. Curve 2 is taken 
after 5 hrs. at 900° C.; curve 3 after a second 5 hrs. at 900° C.; and 
curve 4 after 10 hrs. at this same temperature. 
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In the case of Sample 16, we find a slight activation after the first 
outgassing due no doubt to hydrocarbon removal, while subsequent out- 
gassings deactivate. The government charcoal, however, shows only 
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a slight improvement. In Fig. 4, we note a continued deactivation 
for Sample 16 and activation for U. S. Government 600. This is not a 
disagreement, however, but is an essential difference in the charcoals 
used, resulting from the method of manufacture. In the case of Sample 
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16, there are present active carbon, hydrocarbons, and inactive carbon. 
In the government sample, the hydrocarbons have supposedly all been 
removed, leaving only active and inactive carbon. If we are to deactivate 
the government sample, then, we must form inactive carbon from the 
active material, a thing which has not been done when temperatures 
as high as 1600° C. were used'; if we are to activate it we must remove 
some of the inactive material, as has apparently been done to some very 
slight extent by the prolonged heating. The deactivation shown for 
Sample 16 is probably due to an inactive deposit on the active material 
as the result of cracking the hydrocarbons at the high temperatures used, 
or possibly the basic structure or active carbon itself was being removed. 

After this treatment outgassings at 500° C. were tried and still found 
to be ineffective. 

The work with hydrogen having completely satisfied the hydrocarbon 
theory, work was begun on nitrogen, and from Figs. 5 and 6 it will be 
seen that there is agreement throughout with predictions made from the 
hydrocarbon theory. 

In this case curve 1 is the adsorption curve after a preliminary out- 
gassing only; curve 2 after 15 hrs. at 500° C.; curve 3 after 9% hrs. at 
700° C.; curve 4 after 8 hrs. at 800° C.; curve 5 after 6 hrs. at 900° C.; 
curve 6 after 5 hrs. at 500° C.; curve 7 after 1 hr. at 1000° C.; and curve 
8 after 8 hrs. at 700° C. That curves 5 and 6 fall on 2 in Fig. 6, is of 
course accidental. 

In Fig. 7 we have an example of slow oxidation at room temperature 
Curve 1 is from a run with air taken on Sample No. 9, on July 10, 1915. 
It was then put away and not disturbed until October 10, 1919, when a 
second run given by curve 2 was made. 


Part II. 


The second part of this work consisted, as previously stated, in the 
formation of a charcoal whose adsorption of hydrogen exceeded that of 
nitrogen. This was done merely by heating to 1000° C. for about 3% 
hrs. in a vacuum which was kept down by continuous pumping with a 
mercury condensation pump. In Fig. 8, curve 1 is that of nitrogen, 
and curve 2 that of hydrogen before treatment. Curves 3 and 4 are 
respectively the same after treatment. It will be observed that the 
difference between the amounts of gas, adsorbed in the second case is 
much greater than in the first case. This work was verified with several 
other samples, but, as anticipated, the nature of the U. S. Government 
charcoal made it impossible with this type. 


1N. K. Chaney, ibid. 
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It is obvious then, that there must be a decided difference between the 
adsorption by charcoal of hydrogen and of nitrogen. 

In an article by McBain! it is shown that hydrogen adsorption, or 
“‘sorption”’ as he calls it, takes place in two stages: the first, surface con- 
densation; the second, solid solution. Ina later paper by Miss Homfray? 
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the adsorption of several gases and mixtures are studied, with the con- 
clusion that the whole action is that of solid solution, and that two dis- 
tinct stages as found by McBain do not exist. She did not, however, 
work with hydrogen at liquid air temperature. These papers then indi- 
cate a dual action in the case of hydrogen which does not seem to exist 
for other gases, and no contradiction has been found. 

Since the generally accepted theory of adsorption is, at present, the 
surface condensation theory, it seems reasonable to assume this as the 
principal action in the case of both gases, and we might explain the 
apparent difference between hydrogen and nitrogen adsorption as due 
to a secondary action in the first case, which is either a chemical action, 
or as McBain believes, solid solution. 

While it is perhaps difficult to draw a distinct line between solution and 
chemical action, the nature of the substances involved immediately 


1 Phil. Mag., 6, 18, 916, 1909. 
? Z. fiir Phys. Chem., 74, 129, 1910. 
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suggests a loose reversible chemical combination between the hydrogen 
and some of the hydrocarbons present, to form hydrocarbons more 
stable at this liquid air temperature. Such an action in the case of 
nitrogen would not be expected. That such an action cannot be with 
the active carbon is evident from the fact that the U. S. Government 
600-minute charcoal could not be put into this condition, and with this 
charcoal the hydrocarbons are supposedly for the most part removed. 

The deposit of inactive carbons on the active base is, according to this 
theory, much more effective in deactivating for nitrogen, since, inter- 
fering with surface condensation, it interferes with the whole effect, 
this not being the case for hydrogen which has the dual nature. The 
observations bear this out. 

A second apparent difference in the adsorption of the two gases is 
shown in the hydrogen curves of Part I. of this paper. While the total 
amount of gas adsorbed was unchanged by the heat treatments from 
400° C. to 600° C., it will be noted that the beginnings of the curves fall 
very rapidly, showing a speeding up of the action, a thing which did 
not take place in the case of nitrogen. The magnitude of the action 
at once dismisses the possibility of the iron tubes used having any 
appreciable part in this. It is suggested that this speeding up of the 
action might be due to an increased fineness of division of the material 
with which the hydrogen supposedly combines, brought about by the 
heating. 

Further work of this sort will be begun shortly and experiments on 
nitrogen and hydrogen mixtures similar to those of Dr. Lemon and Miss 
Blodgett are already in progress by Dr. Lemon and Miss Hepburn. 

The author is greatly indebted to Dr. Lemon for advice and valuable 
suggestions in connection with this work. 


RYERSON PuHySICAL LABORATORY, 
UNIVERSITY OF CHICAGO. 
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THE EFFECT OF TEMPERATURE UPON THE TRANSMISSION 
OF INFRA-RED RADIATION THROUGH 
VARIOUS GLASSES. 


By GEORGE ROSENGARTEN. 


SYNOPSIS. 


Measurements of Infra-red Transmission.—The use of colored glasses as absorp- 
tion screens for transmitting bands of monochromatic radiation depends upon the 
variation in the transmission of the radiation with change in temperature. The 
region investigated extends from 1y to 5u. The temperature was varied from 
40 to 460 degrees centigrade. 

Apparatus; Tungsten Lamp Source, Quartz Spectrometer, and Galvanometer.— 
The radiation from a tungsten lamp was passed through glasses placed in an electric 
heater. The transmission of radiation of various wave-lengths was observed by 
means of a spectrometer using a pair of large rock salt prisms which could be rotated 
through any desired angle and the radiation of varying wave-length made to fall 
on the slit of a thermo-pile. The intensity of radiation was determined by the 
deflection of a highly sensitive galvanometer. 

Conclusions; Transmission Independent of Temperature.—The results appear to 
indicate that to within 8 + per cent. the variation in temperature produces no 
change in the transmission of infra-red radiation through the colored glasses tested. 


HE transmission of infra-red radiation through various glasses has 

been investigated by Dr. W. W. Coblentz! and others. The 

effect of temperature upon the transmission of the radiation through 

colored glasses has been carried out by K. S. Gibson? for the visible 
portion of the spectrum. 

The present investigation was undertaken for the purpose of measuring 
the change in the transmission for the radiations in the infra-red region, 
extending to about 5 uw, as the temperature of the glass was raised. The 
glasses examined were obtained from the Corning Glass Works through 
the kindness of Dr. H. P. Gage. They are marked with the maker’s 
numbers and are similar to those examined by Dr. W. W. Coblentz, the 
transmission curves of which are published in Sci. Paper No. 325 of the 
Bureau of Standards. The size of the glasses ranged from 3 to 5 mm. 
in thickness and about 25 mm. in diameter. 


APPARATUS. 
The spectrometer used in the investigation was built in the laboratory 
and is shown in Fig. 1. The main feature of the instrument is the use 


T Bulletin 325, Bureau of Stds. 
2? Puys. REv., Vol. VII., 1916. 
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of two large rock salt prisms 8 cm. by 11 cm. having a refracting angle of 
35 degrees 15 minutes. The prisms are mounted upon a large table so 
as to make angles of 45 degrees with the silvered mirror M3. The 
prism table is caused to rotate about a vertical axis by means of an 
accurate screw which acts upon an arm connected with the table. The 














Fig. 1. 


rotation is measured on a graduated head outside of the box enclosing the 
spectrometer. The radiation enters the spectrometer through a slit 
about % mm. in width and falls upon a silvered mirror M1 placed 
at a distance of 25 cm. from the slit. The focal length of this mirror 
being 25 cm., the rays leaving its surface are parallel and, falling upon the 
rock salt prism, suffer refraction. When the prism table is properly set, 
the rays enter the prism at minimum deviation and pass through the 
prism perpendicular to the second surface. At the surface of the mirror 
M 3 they are reflected and pass through the second prism emerging at 
an angle of 90 degrees with the direction they had when entering the 
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Fig. 2. 


first prism. The rays are brought to a focus by another silvered mirror 
M 2 upon the slit of a thermopile placed at 25 cm. distance. 
The slit, mirrors, spectrometer, and thermopile are all mounted upon 














Vot. XVI. 
No. 3. INFRA-RED RADIATION. I 7 5 


the same base and placed in a box which was kept closed during each 
set of observations. By turning the screw from the outside the table 
carrying the prism was turned through any desired angle, all other parts 
of the apparatus remaining fixed. At each position of the prisms a 
radiation of a different wave-length was brought to a focus on the thermo- 
pile 7.C.1. The thermopile consisted of 16 junction of bismuth and 
silver! mounted in back of a slit about 44 mm. in width and connected 
with a highly sensitive d’Arsonval galvanometer manufactured by Leeds 
& Northrup Co. The sensitivity of this instrument is rated at 33 mm. 
per microvolt and appeared to remain constant during any set of observa- 
tions. Readings were made by means of a telescope and scale at a dis- 
tance of 2 meters. 

The general arrangement of the apparatus is shown in Fig. 2. A con- 
stant potential of 105 volts was applied to a tungsten lamp which served 
as a source of radiation. The glass P to be examined was mounted ina 
vertical position on the end of a rod and was introduced into the cylin- 
drical tube forming the heater (7). The glass was heated to different 
temperatures by varying the current passing through a coil of wire 
wrapped around the outside of this cylindrical tube. The heater was 
covered by a cylinder of fire clay. The temperature was determined by 
means of an iron-constantan thermo-couple 7.C. 2 introduced into the 
opening alongside of the glass. The cold ends of the couple were placed 
in an.ice bath (Z) and connected by copper leads to a galvanometer G 2. 
The reading of this galvanometer was at all times made visible by reflect- 
ing a beam of light from the galvanometer mirror to a transparent scale. 
The apparatus was so arranged that all observations and adjustments 
could be made from the position O. 

Calibration.—The spectrometer was calibrated by observing the posi- 
tion of certain well-known transmission and emission bands, 1.e., the 
maximum emission band of the bunsen flame at 4.4 4, the absorption 
band of a film of water at 34 and the position of the sodium line. 
Thermo-couple used in determining the temperature of the heater was 
calibrated by comparison with several high temperature thermometers 
placed in the heater and readings taken simultaneously upon the ther- 
mometer and the galvanometer deflection. From these data a curve 
was plotted and the temperature obtained from a reading on the. trans- 
parent scale giving the deflection of the galvanometer. 


MEASUREMENTS. 
The method of mapping the spectrum was to cause different radiations 
to-fall in succession upon the thermopile 7.C.1 and observing the 
1B. S. Sci. Paper No. 229. 
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deflection produced on the galvanometer G1. With the asbestos shutter 
S 1 removed, the radiation from the lamp passed through the opening 
in the electric heater and was interrupted by the shutter S 2. The posi- 
tion of the spectrometer table was read on the graduated head of the 
operating screw. By pulling aside the shutter S 2 the radiation passed 
through the slit of the spectrometer, and its intensity was determined 
by the deflection of the galvanometer G1. Several readings were made 
for each position of the prisms with variations of about 4% mm. The 
prisms were rotated through a small angle and the new positions deter- 
mined by a reading on the graduated head. 

The spectrum of the source was first mapped for radiations extending 
from I uw to 5 u, the temperature of the heater being the same as that of 
the room. The glass specimen P was then introduced and the trans- 
mission at room temperature determined for each position in the spec-. 
trum. By sending a current through the electric heater the temperature 
of the glass was raised to any desired degree. When a steady state was 
reached the transmission was observed at this increased temperature. 

The radiation of the heated parts of the apparatus was considerable 
and in order to determine the transmission of the radiation from the 
source L it was necessary to deduct the effect of the radiation of the heated 
parts. The shutter S 1 was introduced making it possible to cut off the 
radiation from the lamp. For each setting in the spectrum the deflections 
of the galvanometer were observed for the following conditions. First, 
the radiation from the lamp interrupted by the shutter S1 and only 
the radiation from the heated parts of the apparatus allowed to enter 
the spectrometer. Second, by removing the shutter S 1 the radiations 
from the lamp and the heated parts of the apparatus allowed to enter 
the spectrometer at the same time. Third, same conditions as the first. 
Fourth, same conditions as the second. By subtracting the average of 
the deflections produced by the heated parts of the apparatus from the 
average of the deflections produced by the lamp and heated parts jointly 
it was possible to determine the intensity of the radiation from the 
lamp transmitted by the glass. 

Measurements were made in this manner for such glasses as the blue- 
purple G 585, blue-green G 584, G171 JZ and others for temperatures 
up to 500 degrees centigrade. The measurements have been repeated 
a number of times and the change in the percentage transmission with 
the increase in temperature for radiations from I u to 5 yn, if any exists, 
must have been of the same order of magnitude as the instrumental errors. 
Owing to the difficulties involved they were as large as 8 + per cent. 
The results of a typical set of observations are given in Table I. 
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TABLE I. 
Transmission of the Blue-purple Glass G 585. 








Defiections for Temperature. 
eg Oo a Approx. 





Scale. 





Source. | 40 Deg. | 260 Deg. | 460 Deg. | Per Cent. Wave-length. 
6.80 | 13.5 mm. 3.0 mm. 3.2 mm. 2.8mm. | — 6.7 5.6 u 
7.00 | 16.0 3.0 3.0 2.8 — 6.7 5.0 
7.20 | 20.5 3.8 4.5 3.7 — 3.3 4.4 
740 | 26.2 5.5 5.0 6.0 + 9.1 4.0 
7.60 | 32.8 7.0 7.5 8.0 +14.3 3.6 
7.80 | 36.5 8.2 8.5 9.2 | +122 3.2 
8.00 | 41.0 11.0 | 11.00 11.2 + 1.8 2.8 
8.20 | 50.0 17.5 | 17.0 18.2 + 4.0 2.6 
8.40 | 61.5 | 22.5 22.5 21.8 — 31 2.4 
8.60 | 62.0 | 17.0 16.8 17.5 + 2.9 2.2 
8.80 | 56.5 | 11.0 | 147 11.5 + 4.5 2.0 
9.00 | 48.0 | 8.0 9.0 8.8 +10.0 1.8 
9.20 | 35.2 | 7.2 | 7.8 + 8.3 1.6 
9.40 | 32.5 | 6.5 | 7.5 8.2 +26.0 1.4 
9.60 | 25.8 | 7.8 8.0 7.7 — 13 1.3 
9.80 | 21.0 7.5 7.6 7.0 — 6.6 1.2 
10.00 | 18.5 | 7.2 7.0 7.5 








_+ 4.2 1.1 








The first column indicates the reading on the graduated head of the 
operating screw, the second column is the deflection obtained for the 
radiation from the source L, the third column gives the deflection of the 
galvanometer produced by the transmission of the radiation through 
the glass at the temperature of 40 degrees centigrade, the fourth and 
fifth columns give the deflection at 260 and 460 degrees respectively, the 
sixth column gives the percentage change between 40 and 460 degrees, 
the seventh column gives the approximate wave-length as obtained from 
the calibration curve. 

Observations were also made upon various specimens for a single 
wave-length. The spectrometer was set in position and the transmission 
observed for various temperatures. In this manner no part of the appa- 
ratus was moved after the observations were started. The transmission 
obtained in this manner may be seen in Table II. 

Summary.—The results of the above experiment seem to show that to 
within 8 + per cent. there is no change in the transmission of the infra- 
red radiation through the glasses observed for the region I uw to 5 as 
indicated in Table I. The results obtained in Table II. indicate the 
degree of accuracy of the galvanometer readings under similar conditions. 
The change in the transmission for observations at this wave-length 
is much smaller. 

‘The present investigation was suggested by Dr. W. W. Coblentz who 
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TABLE II. 
Transmission of Blue-green glass G 584, Approx. Wave-Length 2.6 wu. 















































Defiections. 
Temp. : a 
Heater. Total. Lamp. Mean. | % Change 
ge 0 | 29.0 | 29.0 29.8 
0 | 30.0 30.0 | 
0 | 30.0 | 30.0 
0 | 30.0 30.0 
0 | 30.0 30.0 
RR 0 30.0 | 30.0 30.5 | +2.3 
0 31.0 31.0 
0 30.5 30.5 
0 31.0 31.0 
0 30.0 | 30.0 
BN co ciainin 0 30.0 30.0 30.3 +1.7 
0 30.0 | 30.0 
0 30.0 | 30.0 
0 30.5 30.5 
0 31.0 31.0 
a 2.5 33.0 30.5 30.2 +1.3 
3.0 33.5 30.5 | 
3.0 33.0 30.0 
3.5 34.0 | 30.5 
4.0 33.5 29.5 
Richie se 9.0 39.0 30.0 29.5 —1.0 
9.5 39.0 | 29.5 
8.5 38.0 29.5 
8.5 37.0 28.5 
8.5 37.0 | 28.5 | 
7.0 37.0 30.0 
ae 29.0 57.0 | 28.0 29.3 —1.7 
29.0 57.0 | 28.0 
28.0 59.0 | 31.0 | 
29.0 58.5 29.5 
29.0 59.0 30.0 | 








has shown continued interest in the problem. The apparatus was placed 
at my disposal and set up in the Randal Morgan Laboratory of Physics 
at the University of Pennsylvania. Suggestions have been made during 
the progress of the work by Dr. Goodspeed and Dr. Richards for which 
I wish to express my appreciation. 
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THE THEORY OF LINEAR-SINOIDAL OSCILLATIONS. 


By Henry G. CorRDEs. 


SYNOPSIS. 


Constant frequency arc discharges; theory assuming direct current supply and arc 
potential drop to remain constant.—A vacuum arc is shunted with inductance, capac- 
itance and resistance in series which constitutes a discharge circuit. The arc 
is supplied with direct current through a large inductance. The arc vapor is ion- 
ized and de-ionized at a constant frequency. The variations of potential and current 
in the discharge circuit are termed linear-sinoidal oscillations. Mathematical 
expressions are derived for the following quantities in terms of the priming angle 
and damping angle, viz., the logarithmic decrement, ratio of natural frequency to 
discharge frequency, impedance factor and ratio of the effective discharge circuit 
current to the direct current. These quantities are expressed in terms of trans- 
cendental functions of the angles, hence relations between them are determined by 
means of a chart and a table. Expressions for potentials at the instants of priming 
(critical ionization) and unpriming are given. The relation between the values 
of the direct current and effective currents through the arc and in the discharge 
circuit is established. The actual fluctuation of the direct current supply is approxi- 
mately determined. The counter E.M.F. of an oscillator having a coupled secondary 
oscillatory circuit varies in a manner similar to the counter E.M.F. of a motor. 

De-ionization of arc vapor; experimental determination of the rate-—An arc is 
extinguished by means of initiating a series of linear-sinoidal oscillations of de- 
creasing frequency. The values of the priming angle, ratio of frequencies, dis- 
charge frequency, unprimed interval, re-ignition potential and other quantities 
are approximately determined for the initial oscillations. An expression for the 
numerical value of the rate of de-ionization is given. 

Stability of an arc oscillator —The values of series resistance to produce stability 
depends upon discharge circuit resistance, rate of de-ionization and rate of change 
of the rate of de-ionization. Auxiliary means to produce a constant discharge 
frequency are required to stabilize an efficient arc oscillator for radio signalling. 


PARTICULAR type of oscillation exists, the theory of which has 
been little developed although it forms the basis for direct 
current impact sustention of oscillating current. No general term has 
been applied to an oscillation which consists of two partial sinoidal 
oscillations produced by a direct current and a sinoidal current. During 
the first partial oscillation the potential of the capacitance varies prac- 
tically as a linear function of the time and during the second partial 
oscillation the potential varies as a sinoidal function of the time, hence 
the term “‘linear-sinoidal’’ will be used to distinguish this particular type 
of oscillation. 
Fhe theory developed in the following pages cannot be completely 
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realized or verified by experiment but it is nevertheless useful as the 
basis for explaining actual phenomena. As an analogous instance the 
law of falling bodies in a vacuum may be mentioned. This law applied 
to an actual body falling in a vacuum is of little value, but it is a very 
important factor in investigating any phenomena involving the law of 
gravitation. 

The Carnot’s cycle of a heat engine is another analogous instance. 
No heat engine can be constructed without friction and heat radiation 
losses, yet the theory of this cycle forms an important factor in the study 
of the heat engine. The theory of linear-sinoidal oscillations will there- 
fore be presented for consideration as an important factor in explaining 
actual phenomena. An experiment will be described and the results 
interpreted by means of the theory developed. 

Figure 1 shows an arrangement of circuits which, with certain assump- 
tions, forms_the basis for the principal theoretical deductions. 

In Fig. 1 the condenser C is discharged at a constant frequency N by 











Fig. 1. 


ionizing the path from the anode A to the cathode K in a vacuum tube V 
which contains a gas at low pressure. 

The path from A to K is initially ionized at the frequency N by a 
spark passing from the auxiliary anode F to the cathode K. The vacuum 
tube V is an electrical check valve which will not allow current to pass 
from K to A although an E.M.F. tending to produce an inverse current 
is impressed upon these electrodes. The potential drop through V 
will be considered a constant and its value will be represented by £,. 
The valve V is therefore assumed to be a device which discharges C at a 
constant frequency, has a constant potential drop for any value of 
current greater fhan zero and acts as an electrical check valve. 

The arrangement of Fig. 1 consists of three circuits which will be called 
the charging circuit, the discharge circuit and the arc circuit. The 
charging circuit consists of a source B of direct current, a line resistance r, 
a line inductance, L,, a capacitance C, an inductance L, and a resistance 
R. The inductance L, is large compared to L. The discharge circuit 
is an oscillatory circuit having a capacitance C, a discharger V, an 
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inductance L, and resistance R. The arc circuit is the direct current 
circuit B — r — L, — V short-circuited momentarily by the arc V. The 
period T of a complete linear-sinoidal oscillation consists of two time 
intervals. During the first interval 7,, the arc and discharge circuits 
are closed and during the second interval 7; current flows only in the 
charging circuit. The first interval will be referred to as the primed 
period and the second as the unprimed period. 

Figure 2 shows the variations of potential and current in the discharge 
circuit during a complete cycle of a linear-sinoidal oscillation. The 
amplitude of the potential of C and of the current through L and R 
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Fig. 2. 


are measured by distances from the X-axis and time is plotted propor- 
tional to the distance from the Y-axis. The current through V is 
measured by distance from the X’-axis and is the resultant of the currents 
in the arc and discharge circuits. Curve e represents the potential of C 
and curve i represents the current through L and R. A direct current J 
flows into C until the potential of C = E,, at which instant the valve V 
becomes conductive and the potential between the electrodes of the valve 
drops instantaneously to the value E,. The quantity of electricity 
flowing into C must equal the quantity flowing out of C therefore the 
shaded area above the X-axis which represents the quantity flowing 
during the discharging period must equal the shaded area below the 
X-axis which represents the quantity flowing during the charging period. 

It is assumed that L, is infinitely large so that the direct current J 
will be constant during a complete cycle. When the amplitude of the 
negative current in the discharge circuit equals J the current through V 
becomes zero. It is assumed that when the current through V becomes 
zero that V becomes instantly and automatically a non-conductor. 
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MATHEMATICAL ANALYSIS. 


During the period 7, when the energy in the discharge circuit is free 
to oscillate the following potential relations exist, 


di tdt 
LE+Rit [Ft+B=0. (1) 
Let 
R 
at” & (2) 
Let 
I R 
w = Ve- = ons, (3) 


where f = the natural frequency of the discharge circuit. The solution 
of (1) is 

4 = Ipe™™ sin (wt — ¢) (4) 
where J, is the maximum value of 7 when R is considered equal to zero. 
The angle ¢ is shown in Fig. 2. 

At the instant ¢ = o when the discharge circuit becomes free to oscil- 
late a negative current J flows in the discharge circuit. Substituting 
these values in (4), 

I = Igsin ¢. (5) 

At the instant ¢ = 7, the discharge circuit ceases its free sinoidal 
oscillation while a negative current JZ is flowing. Again substituting 


in (4), 


— I = Ine" sin (wT; — 9). (6) 
Equation (6) can be written in a more convenient form by letting 
wT, = 2¢+h+ 7, (7) 
which substituted in (6) gives 
I = Ine*” sin (6 + h). (8) 
Equating potentials in the discharge circuit when ¢ = 0 gives 
di |'-° 
[23 | +a - 2.4 B, =o. (9) 


From (2), (5) and (9) 
E, = wLI cot ¢ — aLI + £E,. (10) 


Equating potentials in the discharge circuit when ¢ = 7, gives 


dt 
From (2), (7), (8) and (11), 
E, = wLI cot (¢ +h) + all — E,. (12) 


di y=" 
[25 | + [RiJ*-" + E, + BE, = 0. (11) 
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Equating the quantities of electricity flowing during the primed and 
unprimed periods will give the equations 








tN 
fiat = (B+ ENC (13) 
0 
and 
(E, + E,)C = IT». (14) 
Adding (10) and (12), 
E, + Ey = wLI [cot ¢ + cot (¢ + h)]. (15) 
From (14) and (15) 
_ cot ¢ + cot (¢ +h) I 
T2 — w ss I + (6/27)2’ (16) 
where the logarithmic decrement 
27a 
jo (17) 
Ww 
From (7) and (16), 

” _ cote + cot (¢ +h) I  ,2¢+h+r 
T=%34+T72,= vs T+ (20) . (18) 
Let 

fe 
~ N- 2n’ (19) 


where N = the discharge frequency, or frequency of the linear-sinoidal 
oscillations. Then, 


_ cot ¢ + cot (¢ + h) I ,2¢+h+r 
= Qn “1 + (6/2m)? + Qn ' (20) 


In order to evaluate the angles ¢ and h the quantities y and 6 must be 
known. The value of 6 can be expressed in terms of ¢ and h. 
From (5) and (8), 





ili. sin @ 
on = sin (@ +8)" (21) 
From (7) and (17), 
aT; = ( set htt) 6. (22) 


From (21) and (22), 
log sin (@t+h) — log sin « ¢ 


2@¢+h I 
“= *s 





(23) 


The values of ¢ and h can be determined from the values of y and 6 
by means of a chart. Figs. 3 and 4 are charts in which the ordinates 
represent the values of @ and the abscissas represent the values of h. 
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A number of 6-curves are plotted. Values were assigned to ¢ and h in 
(23) and a series of values of 6 were calculated. This series was used to 
obtain, by interpolation, values of ¢ and h for given values of 6 which 
are 0.02, 0.04, 0.06, 0.08, 0.I, 0.12, 0.16, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 
1.12, 1.16, 2.0 and 3.0. 

A similar series of curves are plotted for values of y calculated from 
equation (20). Curves representing values of y for 1.001, 1.003, 1.005, 
1.01, 1.02, 1.03, 1.05, 1.07, I.10, I.14, 1.2, 1.3, 1.5 and 2.0 are shown. 

Figures 3 and 4 will be referred to as the ¢-h chart. Every point 


-A. CHART. 


SMALL DAMPING ANGLES 





Fig. 3. 


on this chart represents one value of ¢, h, 6 and y. Any two of these 
quantities will determine a point on the chart therefore when 6 and y 
are known the corresponding values of ¢ and / can be found. The 
quantities L, C, R and N determine the values of ¢ and h. 

The variation of h as a function of the damping of the discharge circuit 
current is illustrated in Fig. 5. The current of equation (4) is represented 
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by means of polar coérdinates. The curve representing the current 
approaches a circle as the damping approaches zero. The outer spiral 
represents the current in a discharge circuit whose logarithmic decrement 
= 0.4 and the inner spiral is a current whose decrement = 0.83. The 
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Fig. 4. 


line X — X is parallel to the polar axis and its distance from the polar 
axis represents the amplitude of the direct current. The priming angle 
¢ is the angle between the polar axis and a line drawn from the pole to 
the intersection of the line X — X and the circle. The damping angle h 
is the angle between the lines drawn from the pole to the intersection 
of the line X — X with the circle and with the spiral. The unprimed 
period cannot conveniently be illustrated by means of polar codrdinates. 
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The polar axis and line X — X must be rotated positively about the 
pole through an angle of wZ — 27 radians between the instants of 
extinction and re-ignition to represent the unprimed period. 

The largest value that 6 and h can have for a given value of ¢ is deter- 
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Fig. 5. 


mined by the maximum negative amplitude of 7 in equation (4). This 


occurs when 
56; = 2m cot (¢; +h). (24) 


If 6 is greater than this value the valve V will not unprime and the 
capacitance C cannot be charged. The valve V will then practically 
form a permanent short-circuit on the line. 

The extinction limit curve on the ¢-h chart is the locus of points 
obtained by substituting equation (24) in (23). Any one of the three 
variables may be eliminated. Table I. gives values of these variables 
from which the extinction limit curve was drawn. The angle ¢+h 
was eliminated, values were assigned to 6; and values of ¢; were easily 
found by interpolation. 

Given the quantities ZL, C, R, N, I and E, the value of E, and Ey 
can be determined with the aid of the ¢-h chart from equations (10) 
and (12). 

The maximum potential Z,, impressed upon the capacitance C can 
also be calculated by the given quantities by the relation expressed by 
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TABLE I. 








oi. Oth. | oe &. | gtk. | ot bi. ask | & 


0.01 | 89° 55’ | 82° 1’}| 0.7 | 83° 38’ | 33° 52’ 2.4 | 69° 6’ | 9° 35’ 
0.02 | 89° 49’ | 78° 46’| 0.8 82° 45’ | 31° 5’ 2.5 | 68° 18’ | 8° 57’ 
0.03 | 89° 44’ | 76° 17’ | 0.9 | 81° 51’ | 28° 37’ 2.6 | 67° 31’ | 8° 22’ 
0.04 | 89° 38’ | 74° 16’ 1.0 80° 57’ 26° 24’ 2.7. | 66° 45’ | 7° 50’ 
0.05 | 89° 33’ | 72° 29’ 1.1 80° 4’ 24° 24’ 2.8 | 65° 39’ | 7° 19 
0.06 | 89° 27’ | 70° 53’ 1.2 | 79° 11’ | 22° 35’ 2.9 | 65° 13’ | 6° 51’ 
0.07 | 89° 22’ | 69° 26’ 1.3 | 78° 19’ | 20° 56’ 3.0 | 64° 29’! 6° 24’ 
0.08 | 89° 16’ | 68° 5’ 1.4 77° 26’ | 19° 25’ 3.1 | 63° 44’ 6° 0’ 














0.09 | 89° 11’ | 66° 50’ 15 | 76° 34’ | 18° 3’ $2 | 63° 1°| S& 37’ 
0.10 | 89° 5’ 
0.12 | 88° 55’ | 63° 26’ 1.7 74° 52’ | 15° 37’ 3.4 | 61° 35’ | 4° 55’ 


0.16 | 88° 33’ | 59° 46’ 1.8 | 74° 1’ | 14° 32’ 3.5 | 60° 53’ | 4° 36’ 
0.20 | 88° 11’ | 56° 34’ 1.9 | 73° 11’ | 13° 33’ 3.7 | §9° 24’; 4 §’ 
0.30 | 87° 16’ | 50° 4’ 2.0 | 72° 21’ | 12° 38’ 4.0 | 57° 27’ 3° 22’ 
0.40 | 86° 21’ | 44° 56’ 2.1 71° 31’ | 11° 47’ 5.0 51° 29’ 1° 45’ 
0.50 | 85° 27’ | 40° 40’ 2.2 | 70° 42’ | 11° 0’ 7.0 | 41° 55’ | 0° 30’ 
0.60 | 84° 34’! 37° 2’ 2.3 | 69° 54’ | 10° 16’]| 10.0 32° 8’ O° 5’ 


| 
| 
65° 42’ 16 75° 43’ | 16° 47’ 3.3 | 62° 17’ | S° 15S’ 
| 
| 














equation (1) when ¢ = ¢/w which is 


é 
di |. ; 
| 23: [n+ tries— 2. +B =o. (25) 
Solving (25) for E,, gives 
wLI -2 
E,. = ma e ** + E,, (26) 


which shows that for given values of L, C, IJ and E, the value of E, 
varies practically inversely as sin ¢ which depends upon the discharge 
frequency N. 

When RI.and E, are small compared to E, and E, the ratio of E, 
to E,, varies practically as cos ¢ which shows that E,, becomes very 
large compared to E, as ¢ approaches 7/2. 

The maximum value of current 7 in equation (4) is 


I a ate 6 
In =e ax ("35+ #) sin( cot™ a } (27) 


sin ¢ 2r 


DIRECT CURRENT IMPEDANCE. 


The average counter E.M.F. of the capacitance C during the interval 
of time T> is represented by the ordinate of the middle point of the straight 
line connecting the points E, and E, in Fig. 2. From (10), (12) and (17), 


Be Fs AT cots — cot etm -2]+e. 08) 


2 2 T 
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The potential drop due to current J flowing through resistance R 
during T> is 
6 
IR = 2aL] = oLI—. (29) 


The total average E.M.F. consumed by the oscillator during 7: is 


Ce =| cot ¢ — cot (¢ + h) +2] +£,. — (30) 


The E.M.F. consumed by the oscillator during 7; is E,. The E.M.F. 
impressed upon the terminals A and K of the valve V is equal to the 
average E.M.F. consumed by the linear-sinoidal oscillation, or, 








E, — 
z-1={| "4 | ter} h. (31) 
From (30) and (31) 
B~ Ir= | cot ¢ — cot @+m+2|F+e,, (32) 
2 air 


From (16) and (32) 














E-E£E,-TIr 
wLT 
6 to+ cot (¢+h I 
= | cots - cot (¢+h)+ sls $ oe ¢ ), ; +(5/2m)?° (33) 
Let 
E-E£E,-— Ir 
p= — (34) 
Then 
6 t @ + cot (@+h I 
B= | cot@ — cot (¢+h)+ | =s = = Z 1 + (5/27)2" (35) 


Equation (34) may be written 


22s = Bol +1. (36) 
The term Bw, will be referred to as “impedance” since it impedes the 
flow of direct current to the oscillator. The impedance depends upon 
the quantities L, C, R and the discharge frequency. For a given value 
of L, Cand R the impedance increases as N decreases. For a given value 
of L, Cand N the impedance will increase as R is increased. Decreasing 
either L or C while the other three quantities remain constant will 
increase the impedance. 
During each cycle the energy delivered to the terminals of the valve 
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equals the enerzy stored or dissipated in the valve and discharge circuit, 


Or, 
(E — Ir)IT + 3CE? = 3CE.? + PRT2 + IE,T,. (37) 


The relation expressed by (37) can also be derived from (14) and (31). 
The discharge circuit capacitance C returns energy to the charging 
circuit from the instant the arc is extinguished until the potential of C 
becomes zero. 


EFFECTIVE CURRENT. 


The effective current of a linear-sinoidal oscillation can be expressed 
by two equations. The first equates the energy delivered to the linear- 
sinoidal oscillations and the energy dissipated by the oscillations, which 
is 


(E — Ir — E,)I = I2R, (38) 


where J, is the effective linear-sinoidal current which may be measured 
with a hot-wire ammeter placed in series with the discharge circuit 
capacitance. 

The second equation expresses the fact that the square of the effective 
current is equal to the average value of the square of the instantaneous 
current during a complete cycle, which is 











Ty : I 
[2 =.[I?T- +f dt) =, (39) 
T. Ie 
te —2at 17 
I T 4aT le J 
Te [ap # Sin 2(wt — ¢) — a cos 2(wt — g) ]” 
an 4T € at + wt * (40) 
From (16) 
PT. _ =| = @ + cot (¢+ h) I 
7; “7 ” 1 + (6/2)? | (41) 
From (5), (7) and (21) 
Ie —2at]}™ _ il 2 
4eT [eo] = jet [cot? (¢ + h) — cot* g]. (42) 


From (5), (7) and (21) 


al ~tan, @ sin 2(wT; - ¢) — @ COs 2(wT; wisi ®| 
4T € a ~ wo 





r 
= 4Tle +e) [2w cot (6 + h) — acot? (¢+h) + al. 
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From (5), 
I¢ w sin (— 2¢) — a cos (— 29) 
4T é+a 


a ae 
~ 4T(e +) I 
Substitute (41), (42), (43) and (44) in (40) and let 


— 2wcot¢?—acot?¢]. (44) 








I, 
then the result reduces to 
, _ | cot d — cot (6 + h) z [ete cer. I 
ail | 5 *s 4y 1 + (6/27)* (46) 


A very interesting and important relation exists between y and 8. 
From (35) and (46) 


ola 


yv=-:8. (47) 


A simpler and easier method of deriving equation (46) is as follows: 
Equation (38) may be written 


E-E, 
I 


Then (47) can easily be derived from (36) and (48). Substitute (35) in 
(47) and the result will be equation (46). 

Each of the quantities y, 6, 8 and y have been expressed as functions 
of the angles ¢ and hk. Any two of these six quantities will theoretically 
determine the remaining four. The angles ¢ and h are useful only in 
plotting curves and in establishing relations among the other four 
quantities. A complete ¢-/ chart should also have 6-curves and y-curves 
plotted upon it. 

The y-curves have been found to be practically parallel to the y- 
curves, that is, the members of equation (47) remain nearly constant 
for a given value of y when R is varied. The consequence of this rela- 
tionship is that ¢, h, 6 and B cannot be determined from values of y 
and vy but that practically only one value of y exists for a given value 
of y over a large range of discharge circuit decrements. Hence the natural 
frequency f can be determined from values of the direct current J, the 
effective current J, and the frequency N of the oscillations. 

Table II. (y-y table) shows values of y and the corresponding values 
of y. For each value of y two values of y are given; one value, yo, is 
given for zero damping and another value, y:, for maximum damping, 
1.e., at the intersection of the ¥-curve with the extinction limit curve. 





=YR+.r. (48) 
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TABLE II. 

y.vy Table. 
vy. | yoo 7 "1. y. _ Se Yo. v‘1. 
1.000 | 0.71 0.71 1.14 1.04 | 1.01 
1.001 0.72 0.72 La 1.13 1.10 
1.003 0.74 0.73 1.25 1.21 
1.005 0.75 0.74 1.4 1.35 1.32 
1.01 0.77 0.76 ‘3 1.44 1.42 
1.02 0.81 0.79 1.6 1.33 1.51 
1.03 0.84 0.82 1.7 1.61 | 1.60 
1.05 0.88 0.86 1.8 1.69 | 1.68 
1.07 0.93 0.90 1.9 1.77 1.76 
1.10 0.98 0.95 2.0 1.84 1.83 








When hk = o in equation (46) the value of the resulting indeterminate 


expression is 
I Ce , cot ¢ 
y= | (S45 )oe e+ 4], (49) 
0 2 T 


T 


which value y approaches as 6 approaches zero. As y approaches unity 
7’ approaches the value 0.5 which value is obtained by substituting 7/2 
for @ in (49). The impedance 7’R varies directly as R provided the 
discharge frequency is constant. For values of y less than unity an 
ohm of resistance in the discharge circuit will impede the flow of direct 
current less than an ohm in the direct current circuit while for values 
of y greater than unity resistance is more effective in the discharge 
circuit. The value of y corresponding to y = I is about 1.12. 

The simple relation expressed by equation (47) and the fact that the 
y-curves are nearly parallel to the y-curves render 8-curves and y-curves 
unnecessary upon the ¢-h chart. 

The average current through the valve V is 7 and the effective current 
through V can be calculated from the values of J and 7,. Let J, = the 
effective current through V,-then 


‘s-.. 
Wea] G+Dd.  , (50) 
0 
From (13) and (14) 
qT 
f idt = IT». (51) 
0 


Substituting (39) and (51) in (50) gives 
rP=12+ L. (52) 
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VALVE POTENTIALS. 

The maximum potential impressed upon the valve V is at the instant 
of re-ignition, 7.e., at the beginning of the period 7;. Let E; represent 
the value of this potential, then 

E, = E,+ IR. (53) 
From (10) and (53) 
E, = wLI cot ¢+ aLl + E,. (54) 

Let E, = the maximum potential tending to produce inverse current 


through the valve, then 
E, = E, — IR. (55) 
From (12) and (55) 


E, = wLI cot (¢ +h) — aLlI — E,. (56) 
Equations (10), (12), (54) and (56) may be written in the form 





E, = wl | cot o— 2 | I + E., (57) 

E, = wL | cot (¢+h) + 4] I - E,, (58) 
q 6 

E, = wL | cot 6+ 5] I+ E,, (59) 
. 6 

E; = wL cot (6+) -2 | 1-2. (60) 


The coefficients of J in these equations depend upon L, C, R and N. 
Assuming E, comparatively small, these equations show that the poten- 
tials E,, E,, E; and E, vary practically directly as the direct current J. 
The values of these potentials can be found when any two of the six 
quantities y, 5, 8, y, @ and # are known except y and y. Equations 
(57), (58), (59) and (60) considered in connection with equation (36) 
or (48) show that these potentials vary practically directly as the average 
potential E provided L, C, R and N remain constant and E£, is com- 
paratively small. __ 

DIRECT CURRENT FLUCTUATION. 

The theory of linéar-sinoidal oscillations is based upon the assumption 
that the line inductance L, is infinitely large which is equivalent to 
assuming that the period 22VZ,C is infinitely long. The charging 
circuit is an oscillatory circuit in which a partial sinoidal oscillation takes 
place during the unprimed period T» of each oscillation. The current 
flowing through B, r and L, is the resultant of a direct current of constant 
amplitude and a linear-sinoidal oscillating current of comparatively 
small amplitude. 
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Figure 6 shows a curve representing the oscillating component of the 
current. This component is represented by a nearly straight line 
during the time interval 7; and a sinoidal curve during the interval 7». 
During the primed period 7, the rate of change of the current in the 
arc circuit is practically a constant provided 7 is small. During the 
unprimed interval the rate of change of current depends largely upon 
the potential of the capacitance C. A suggestive name for the oscillating 




















Fig. 6. 


‘ ’ 


component is “ sinoidal-linear ’’ oscillation since the periods of linear 
and sinoidal variations of current in L, and L are interchanged. 

Let L, = L, +L =the inductance of the charging circuit. Let 
re = R+r = theresistance and a; = thedamping factor. Let «/27 = 
the natural frequency of the circuit. 

In Fig. 6 let the current 


19 = I,€™" cos wol, (61) 


where 7, is the maximum amplitude of the current in the charging 
circuit. Let T, = the time between maximum value 7, and the mini- 
mum value 7, of the current, 79, then 





I, = 1,6 cos wol zs. (62) 
The equation of potentials in the charging circuit when ¢ = 7, is 
2-122 ~1.-k, <0 (63) 
© dt nlc imag ° 3 
From (62) and (63) 
; Inte 
E + wl, Vige*"— 1,2 - “ws ~ 2-6 (64) 


For large L, and small r, -°"”™ = 1 and J, + I, = 2] approximately. 
Let AZ represent the current fluctuation. 
Then AJ = J, — I, which is negligible when compared to J. Under 
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these conditions equation (64) becomes 


E + wool, Val-AI — =! — E, = 0 (65) 
or 
Ir. |? C 
AI = | z.- z+ ae (66) 


The current curve of Fig. 6 is similar to the potential curve of Fig. 2 
while the potential variations between the terminals of L, are similar to 
those between A and K of V shown in Fig. 2. The ordinates of Fig. 6 
are drawn to a much larger scale than the ordinates of Fig. 2. 


EXPERIMENTS. 


A few experiments were made with available apparatus at the Uni- 
versity of Washington by Mr. T. M. Libby to experimentally verify 








Fig. 7. 


phenomena predicted from the theory of linear-sinoidal oscillations and 
to determine the rate of de-ionization of mercury arc vapor. 

Figure 7 is a diagram of connections of the experiments. A ten- 
ampere arc rectifier was used for a discharge valve V. Current was 
started from the anodes to the cathode by means of switch S2 and tilting 
V. The mercury vapor in V was raised to the proper temperature by 
passing about five amperes from each anode to the cathode for several 
minutes. The switch S; was then also opened. The line inductance L, 
consisted of the secondaries of two 220-2200 v. — 10 K.W. iron-core 
transformers. The discharge circuit condenser C was charged to a 
potential EZ; and was then discharged through R and L by means of 
switch S;. This discharge of C extinguished the arc provided R was 
small enough, and the potential E; was sufficiently high. 

The extinction of the arc is explained in terms of the theory as follows. 
The discharge of C unprimes the valve for an interval 72. The length 
of T; depends upon J and the potential e; between anode A and cathode K — 
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required to re-ignite the arc, that is, e; initiates a primed interval 7}. 
The arc is therefore extinguished by initiating a train of linear-sinoidal 
oscillations of decreasing frequency. The length of the train depends 
upon the electromagnetic energy stored in the line inductance Ly. 

In Fig. 7 let ro + 71; = 7, then 


E-£,=TIr (67) 


when a constant direct current J is flowing. 

By unpriming the valve with the discharge of C a direct current 
impedance ¥*R is introduced into the d.-c. circuit so that for an instant 
equation (67) becomes 
dl 





~ Loa +E-—E, = YRI 4+ 7. (68) 
From (67) and (68) 
dI_ RI 
~ dt seid Be . (69) 


Equation (69) shows the rate at which the direct current starts to 
decrease when the energy consumed by R per cycle is small compared 
to (L,/J*)/2, that is, when the period of a linear-sinoidal oscillation is 
short compared to the duration of a train of oscillations. 

Assume, contrary to fact, that e,; remains constant during a train of 
oscillations. The decrease in 7 due to the introduction of y*R increases 
the ratio T,/T and the time 7, required to re-ignite the arc. Since y 
increases with this ratio it is seen that the introduction of impedance 
decreases J and the decrease of J in turn increases the impedance and 
so on until the arc is extinguished. 

In fact e; increases rapidly as J decreases because the potential of C 
rises more slowly which increases T2 and this gives the arc vapor more 
time to de-ionize so that the final re-igniting potential e, of a train of 
oscillation is very high. 

The value of the re-igniting potential e; in the experiment rose during a 
train of oscillations to the potential required to disrupt about an eighth 
inch air gap. The distributive capacitance of inductance L, which is 
equivalent to a capacitance in parallel with ZL, required the presence of 
the protective condenser shown. The maximum and final value of e 
varies with L, and with the rate of de-ionization of the arc vapor. 

For a given value of J, E;, C and L in Fig. 7 there is a maximum value 
of R (= R;) which will allow the discharge of € to extinguish the arc. 
Assume, contrary to fact, that the potential difference between A and K 
remains constant until the arc current is reduced to zero then the mini- 
mum value of £; which will reduce the current to zero is determined by 








196 HENRY G. CORDES. foun. 


the energy stored in the condenser minus the energy dissipated by trans- 
forming the electrostatic energy into electromagnetic energy which gives 


L 32 (con 51 
Ss 4 a ae 2n =| - 
E; (min.) re € csc (cot 2) , (70) 


where 6, corresponds to R;. Since the potential drop does not remain 
constant between A and K for small currents the actual value of £; will 
be less than the value necessary to satisfy equation (70). 

In the experiment Fig. 7 the quantities E, E, and E; were measured 
with a voltmeter, J with an ammeter and L and C with a wavemeter. 
The resistance R consisted of fine wire whose high frequency value was 
known. The values of these quantities were: C = 0.01 m.f., f = 316,000, 
wL = 50.4 ohms, R; = 18 ohms, 6; = 1.14, J = 5 amperes, E; (+ leak- 
age) = 450 volts and £, = 13 volts at from 2 to 10 amperes of steady 
arc current. 

From the above data all the quantities of the initial linear-oscillations 
of a train can be approximately determined. The initial value of the 
re-igniting potential e; of a train of oscillations can be found by sub- 
stituting e; for EZ; in (59) which gives 


6 
a1 = a (cot tH )r+e, (71) 


where ¢; is the value of ¢ at the point where the 6-curve intersects the 
extinction limit curve. The value of ¢; on the ¢-/ chart at the point 
where 6 = 1.14 is about 233 degrees. Substituting this value in (71) 
and solving for e; gives e; = 623 volts. On the ¢-h chart when ¢, 
= 233°, then y, = 1.17 and from the y-y table y; = 1.05. Let 7 = the 
variable discharge frequency, then the initial discharge frequency 1 
substituted in equation (19) for N gives 7) = 370,000 cycles per second. 
From equations (16) and (24) JT. = 1.18 micro-seconds. The values of 
variables ea, e, and e2 corresponding to E,, E, and Ez in equations (57), 
(58) and (60) are eg = 530 volts, e, = 78 volts and e, = — 13 volts for 
the initial oscillations. 

The ratio e;/T2, may be considered a measure of the rate of de-ionization 
of the arc vapor under given conditions. This ratio will be influenced 
by the manner and time required to reduce the arc current to zero before 
the potential between A and K starts to rise practically as a linear 
function of the time. Both the magnitude of e2 and the duration of a 
negative potential upon valve V will affect the value of the re-igniting 
potential e;. 

When C was increased from 0.01 to 0.04°m.f. and R was ‘small the 
minimum value of £; (+ leakage) required to extinguish the arc was 
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reduced from 450 to 240 volts or less. The value of R; became more 
critical as the capacitance C was increased. An increase of E; resulted 
in requiring a larger R; to extinguish the arc. This result was expected 
from the fact that the initial JT; was increased by increasing E; which 
gave the arc vapor more time to de-ionize and thereby increased the 
initial value of e, and decreased the initial discharge frequency. 

The results of this experiment are only approximate due to the fact 
that (1) the potential drop between anode and cathode does not remain 
constant for small values of arc current which gives too large values for 
R,; (2) the value of R: depends upon F; whose value depends upon 
leakage during the time required to throw switch S,; and, (3) the presence 
of high-high frequency oscillating current transients which flow in the 
oscillatory circuit formed by the capacitance between, and the inductance 
of, the leads to the anode and cathode or which flow through the dis- 
tributive capacitance of ZL, and protective condenser in series. The 
dielectric of a 0.01 M.F. condenser must have a resistance of 2,400 
megohms in order that its charge be reduced only twenty per cent. in 
one-tenth second of isolation. No special precautions to reduce leakage 
were taken. It is proposed to overcome this unknown leakage by 
permanently connecting the source of E; to C through high inductance 
and high resistance and extinguishing the arc by closing a S.P-S.T. 
switch in the discharge circuit. 

An attempt was made to measure the initial value of » with a wave- 
meter but the impulse of the final oscillations of a train destroyed the 
cumulative effect of the initial oscillations. The effect of intensity above 
a limited value must be eliminated and the cumulative effect must be 
retained. A special arrangement is required to secure this result. It 
may be noted that extinction of the arc developed a high potential be- 
tween turns of the discharge circuit inductance L; this was attributed 
to the final discharges of a train. 


STABILITY OF LINEAR-SINOIDAL OSCILLATIONS. 


Stability of linear-sinoidal oscillations can be produced by either 
providing a properly timed priming spark or by increasing the potential 
E of the d.c. source and the series resistance 7 to a sufficiently high value. 

The later method will be considered. In order to have stability in 
any mechanical, electrical or other system in which energy is supplied 
and consumed, the requirement for stability is that the rate of change of 
energy consumption with respect to an independent variable must be greater 
than the rate of change of energy supply with respect to the same variable. 
This criterion will be applied to the arrangement of Fig. 7. 


‘ 








198 HENRY G. CORDES. Szconp 


Differentiate equation (38) with respect to J and from the resulting 
differential equation and (38) the critical series resistance is 


dI, 
r= R(a- 275), (72) 





A resistance greater than this value is required to produce stability. 
The J*r loss may be considered as either decreasing the energy supply 
or increasing the energy consumption. In equation (72) the value of 
dI,/dI depends upon the rate of change of the rate of de-ionization. 
The value of r increases as the rate of change decreases. The rate of 
change probably depends upon the rate of de-ionization. The rate of 
change will be negative when 7, increases as IJ decreases and positive 
when J, decreases as J decreases. The initial value of e; of a train 
varies with the rate of de-ionization and as this rate is decreased ¢ in- 
creases and y and R must be less, hence critical ry varies with rate of 
de-ionization. : 

The values of ¢ and h of a train are determined by a 6-curve. In the 
experiment ¢ and hf are determined by the locus of points on the ¢-h 
chart at which 6 = 1.14. The duration of a train is decreased as R 
and y are increased and as the rate of change is decreased which results 
in increasing the rate of energy consumption and decreasing the total 
energy consumed per train. 

These interpretations of equation (72) appear to explain the cause for 
the greater instability of an arc when the temperature of the arc vapor 
is low and the rate of de-ionization is high. There is always a small 
capacitance and inductance externally between the anode and cathode 
of an arc due to the connecting leads. The slightly drooping volt- 
ampere characteristic and the low resistance of such an oscillatory 
circuit will produce sinoidal oscillations of sufficient amplitude to reduce 
the arc current to zero and thus initiate a train of unstable linear-sinoidal 
oscillations. 

INDUCTIVELY COUPLED SECONDARY CIRCUIT. 

Energy can be withdrawn from the discharge circuit by coupling a 
secondary oscillatory circuit to the inductance L, to the capacitance C 
or to the valve V. Figure 8 is the same as fizure 1 with the addition of a 
secondary circuit Lz — Cz — rz coupled to the inductance LZ. The 
presence of the secondary circuit reduces the effective inductance, and 
increases the effective resistance, of the discharge circuit. The direct 
current impedance is increased by either increasing w or R therefore 
current flowing in the secondary circuit increases the impedance. The 
y-v table shows that the impedance y?R increases with R when y and N 
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remain constant. When Rand N are constant the table also shows that 
an increase in y due to an increase in w correspondingly increases y. 
The arrangement of Fig. 8 can be compared to a direct current motor. 
Let the energy consumed in the secondary circuit be compared to the 
load placed upon the motor shaft. When the motor shaft cannot turn 
no power is delivered to the shaft and a heavy direct current flows 
through the armature resistance. A similar condition exists in Fig. 8 











Fig. 8. 


when the resistance r is infinitely large and the resistance R is similar to 
the armature resistance. As 72 is reduced, current flows in the secondary 
circuit, the effective value of w becomes greater and the impedance be- 
comes greater with a corresponding decrease in the direct current. As 
the motor shaft begins to turn a counter E.M.F. is generated which de- 
creases the current. If re be made zero the impedance will become large 
and little current will flow which is analogous to the d.c. motor with 
no load. 

In Fig. 1 if L is placed in series with the valve V instead of in series 
with C and R the theory developed in the preceding pages will apply 
except the fluctuation of the direct current. The maximum potential 
producing fluctuation would be increased from E£; to Ep. 


REFERENCES. 

The theory developed to explain the phenomena of arc oscillators 
described in the PHysicAL REvIEw (Vol. VI., No. 6, pages 450-469) by 
B. Liebowitz and in the Proceedings of the Institute of Radio Engineers 
(Vol. 5, pages 255-316) by P. O. Pedersen is based upon experimental 
results. 

The vacuum-arc oscillator proposed by Liebowitz depends upon a 
large series resistance and a high potential source of direct current to 
produce stable oscillations. This arrangement is inefficient and high 
potential is undesirable. 

The Poulsen arc oscillator is stabilized by means of an arc whose 
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volt-ampere characteristic has a steep slope, the value of the angle @ 
is large and the rate of de-ionization is small compared to a vacuum-arc. 
This oscillator requires a comparatively high potential direct current 
supply and the arc loss is large. 

The theory of linear-sinoidal oscillations indicates that efficient arc 
oscillations can be produced by providing a constant frequency priming 
spark. The series resistance or arc loss required to secure stability 
can thereby be avoided. 

The rate of de-ionization of arc vapor when an arc has been extin- 
guished depends upon the velocity with which ions recombine. and 
probably also upon the rate of cessation of the ionizing effect of the 
incandescent cathode and vapor. Reduction of gas pressure facilitates 
recombination of ions. Lowering the temperature of the vacuum tube 
decreases the gas pressure and probably reduces the ionizing effect due 
to incandescence of the gas. 

Little appears to be known regarding the law governing the rate of 
de-ionization of arc vapor as influenced by the composition and pressure 
of the vapor or gas. The law of this phenomenon has practical applica- 
tion in radio signalling and may extend knowledge of the electron theory. 
In addition to showing an application of the theory it is believed that 
the experiment described in this paper is the first attempt to measure 
the rate of de-ionization of arc vapor. 

BREMERTON, WASH., 
April, 1920. 

List OF PRINCIPAL SYMBOLS. 

Capacitance of discharge circuit condenser. 
Inductance of discharge circuit inductance. 
Resistance of discharge circuit. 
Inductance in series with d.-c. source. 
Resistance in series with d.-c. source. 
Natural frequency of discharge circuit. 
Discharge frequency. 
Direct current. 
Effective discharge circuit current. 
E.M.F. of d.-c. source. 
Potential of C at instant of re-ignition. 
Potential of C at instant of extinction. 
Potential between anode and cathode at instant of re-ignition. 
Potential between anode and cathode at instant of extinction. 
Potential drop of current through arc. 
Time of one complete oscillation. 
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T, Time of primed period. 
T2 Time of unprimed period. 
@ Priming angle. 
h Damping angle. 
Logarithmic decrement of discharge circuit. 
Damping factor of discharge circuit. 
Ratio of frequencies. 
Impedance factor. 
Ratio of currents. 
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THE K-CHARACTERISTIC ABSORPTION FREQUENCIES FOR 
THE CHEMICAL ELEMENTS MAGNESIUM TO 
CHROMIUM. ; 


By HvuGo FRICKE. 


SYNOPSIS. 


Absorption of X-Rays.—This paper contains an account of an experimental in- 
vestigation concerning the discontinuity in the X-ray absorption corresponding 
to the K-series for the chemical elements from magnesium to chromium inclusively. 
The method followed was the same as that devised and employed by de Broglie. 
A specially designed vacuum spectrograph was used. 

Fine Structure of Absorption.—The spectrograms show that the discontinuity has 
a rather complex structure, a result in advance of those obtained by earlier investi- 
gators. A photometric study of the plates was made in order to obtain a more 
accurate knowledge of the detailed structure of the absorption limits. 

Results. These are recorded in tables which give for each element the wave- 
lengths of the different remarkable points in the structure of the discontinuities. 
The theoretical bearing of the new observations is briefly discussed. 


URING the last few years, an accurate method for determining the 
longer wave-lengths of X-rays has been worked out by M. Sieg- 
bahn and his assistants, employing a vacuum spectrograph designed 
by him.! An interesting feature of the method is that the wave-length 
differences which can be determined correspond to an amount of energy 
of the order of 1 volt times the charge on the electron, that is of the same 
order as arises in processes performed in the exterior of the atom. For the 
frequency »v, the potential E, and the glancing angle ¢, we find 


A@ can be determined by Siegbahn’s method and apparatus to within 
10*. For the longest waves with which one can work, E is about 
1,000 volts, that is AE <1 volt. It may therefore be expected that 
Siegbahn’s method will lead to the detection of many effects which are 
caused by the action of the outermost electrons from which effects a 
calculation of the arrangement of the electrons can be made. For 
instance, it may be found that the position of certain lines of the X-ray 


1M. Siegbahn, Phil. Mag. (37), p. 601, 1919, and Ann. d. Phys. (4), 59, p. 56, 1919. W. 
Stenstrém, Ann. d. Phys. (4), 57, p. 347, 1918 and Diss. Lund., 1919. 
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spectrum of a given substance depends on the chemical combination 
of the radiating atom. It is also to be expected that the variation in the 
wave-lengths of a given line for the different elements in the periodic 
table will not be continuous, but a little irregular, corresponding to the 
discontinuities in the arrangement of the outermost electrons as we 
progress in the periodic table. Effects of these sorts ought to be most 
strongly pronounced for the limiting frequencies of the series, because 
one of the two energies, on the difference of which the frequency depends, 
is directly associated with the conditions in the outermost part of the 
atom. 

Up to the present time measurements of the longer wave-lengths 
with the precision stated above have been made for only a few lines.! 

The following is a contribution to the completion of this work. It 
consists of a series of measurements of the limiting frequencies in the 
K-series for the chemical elements from magnesium to chromium. As 
will be seen a rather complex structure of the limit is found. 

The measurements were all performed in 1918 at the physical laboratory 
of the University of Lund (Sweden), using the vacuum spectrograph of 
M. Siegbahn. It gives me great pleasure to express here my gratitude to 
Prof. M. Siegbahn for putting at my disposal the vacuum spectrograph 
and the other resources of his X-ray laboratory, and for the interest he 
has taken in my work. 

As regards the construction and operation of the vacuum spectrograph 
the reader is referred to the above cited papers of M. Siegbahn and W. 
Stenstrém. 

The method of investigation is that first employed by de Broglie.! 
A suitable part of the continuous X-ray spectrum from the target in an 
X-ray tube, with an absorbing substance introduced in the path of the 
rays, is photographed. 

Care must be taken to use the proper quantity of absorbing substance. 
Too great or too small a quantity effaces the details of the structure of 
the limit. 

The quantity should be so chosen that the ratio between the intensities 
of the emergent rays on opposite sides of the limiting frequency has a 
convenient value which is neither too great nor too small. 

Glocker? has given two simple formulas, which express the absorption 
coefficient of the X-rays for the two sides of the limit as a function of the 
wave-lengths of the absorbed radiation and the atomic number of the 
absorbing substance. Using these formule the quantities of the sub- 


1M. de Broglie, C. R., 158, p. 1493, 1914. 
2 Glocker, Phys. Zeits., 19, p. 66, 1918. 
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stances to be investigated were calculated so that the ratio in question 
was about I : 6. 

For most substances the pure element or one of its salts was spread in 
a thin layer upon a thin sheet of paper. This was placed between the 
slit and the crystal. 

Argon was procured from the air by absorption of the oxygen and 
nitrogen. This was done by the well known method of leading the air 
over glowing copper and magnesium. Most of the oxygen was previously 
absorbed by pyrogallol. The argon was drawn at a pressure of 6 cm. of 
mercury into a container. This was made of a brass tube 8 cm. long 
closed at both ends with plates, which, to allow for the passage of the 
X-rays, were provided with slits closed with gold-beater’s skin. A test 
before filling the tube showed that it could support a vacuum sufficiently 
well. The tube when under exposure, was placed between the slit and 
the crystal. 

In the case of chlorine, since in this work rock-salt was used as the 
crystal, no particular absorbing substance was needed. 

In the case of aluminium and magnesium some difficulties were en- 
countered, owing to the fact that the absorption of organic substances 
for the long wave-lengths here employed is very considerable. The 
proper quantities of Al and Mg to be used are about 0.25 mg. per cm.? 
(or foils about 1 uw thick). The most convenient manner of manipulating 
such small quantities would be perhaps to employ the same method as 
is used for most of the other substances (see above), that is to spread 
suitable salts of Mg and Al (Mg O, Als O3) in a thin layer on a thin 
sheet of paper. As stated in the cited papers of M. Siegbahn and W. 
Stenstrém, it is necessary to place a suitable foil in the slit in order to 
attain the high vacuum in the discharge tube; the best method for that 
purpose would then be to use gold-beater’s skin in the case of Al and a 
thin foil of Al in the case of Mg (the limiting wave-length of Mg being 
longer than the limiting wave-length of Al, its absorption in this substance 
will be comparatively small). This arrangement will, however, owing to 
the great absorption of the gold-beater’s skin, and of the paper demand 
too long a time of exposure. For this reason it was decided to employ 
another method. Thin foils of Al and Mg were placed over the slit, 
acting both to seal the tube and to absorb the rays. Owing to the com- 
paratively small absorption of these substances for wave-lengths longer 
than the limiting ones, we can with this arrangement reduce the time of 
exposure very considerably, but in employing this method it is necessary 
to use fairly thick foils, and therefore we will find only the sudden change 
in the absorption. No details of the limit can be found. The Al foil 
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had a thickness of 7 yu, the Mg foil tou. The latter was made from 
ordinary mg. wire by rolling. Foil as thin as 6 u could be made in this 
way. This thin foil was found, however, to be unable to maintain the 
high vacuum in the X-ray tube, because of small holes which could not 
be avoided at these small thicknesses; nothing thinner than 104 was 
found adequate for the purpose. Calculation shows that these two foils 
absorb practically all the radiation of a wave-length smaller than the 
limiting one; in accordance with this, the plates for Mg and Al, as we 
shall see, do not show any structure of the limit. . 

The discharge tube is a metal one of the Coolidge type. This is a 
great advantage in this work, owing to the fact that the potential can 
immediately be given the desired value. This is important because 
it is necessary, especially for the longest wave-lengths, to be able to use 
such a low potential that the spectra of higher orders are not produced. 
Otherwise these spectra, their smaller absorption compensating for their 
smaller reflection from the crystal, will be strong enough to mask com- 
pletely the structure of the limit. Care of this must especially be taken 
when working with sugar as a crystal, for here we have a third order 
spectrum which is just as strong as, or even stronger than, the Ist order. 
An unpleasant consequence of the low potential is the comparatively 
slight intensity of the radiation. For the lightest substances the low 
potential causes further difficulty, in that here the space charge prevents 
the passage through the tube of the great current usually used, and par- 
ticularly desirable in this case. For magnesium, in order to obtain a 
current of the proper magnitude, it was necessary to use a potential 
rather greater than that indicated by the above-mentioned considerations; 
in consequence we have here a distinct superposition of the third order 
spectrum (see below). Tungsten was used for the anticathode. It gives 
a very strong continuous radiation, and allows the passage of a large 
current. The same metal was used for the incandescent spirals. The 
current through the tube was about 40 milliamperes, the time of exposure 
varying from 3 to 16 hours. Only one plate of each substance was 
taken; in order to get the right time of exposure at once, a rough calcula- 
tion of the absorption of the wave-length in question was made before 
the exposure, and the time for this chosen in accordance with the result 
obtained. So far as possible the chemical compound of the absorbing 
substance was chosen so as to contain only very light atoms. This, 
however, was not always possible. 

A sugar crystal was used for the lighter substances examined. For 
the others a rock salt crystal was employed. The reflecting power of 
both these crystals is very good. The grating constant used for sugar is 





















D 
206 HUGO FRICKE. SERIES. 





log 2d = 1.32503 


and for rock salt 


log 2d = 0.750354. 


The first was determined by photographing the CuK, line using for the 
wave-length of this line the value given by Siegbahn.! The second is 
the generally adopted value. 

The width of the slit (between the anticathode and the crystal) was 
0.10 mm. 

Under exposure the crystal was turned through a certain angle so that 
a proper wave-length interval around the wave-length in question is 
obtained on the plate; this angle was 1°.5-2.°o. 

For the calculation of the desired wave-lengths from the photographic 
plate, it is necessary to photograph a known spectral line on the same 
plate. For this purpose lines only are used on which precision measure- 
ments had already been made at Lund.” 

To determine the different details in the limit a photometric investiga- 
tion of the plates was made. The arrangement used for this was the 
following: Through a microscope objective a narrow ray of light (.02 
mm. wide) from an incandescent lamp run by a storage battery, was 
thrown on the plate; after emerging it was suitably enlarged and thrown 
upon a thermopile; the deflection of a galvanometer connected to this 
gave a measure of the blackening of the plate. The plate was mounted 
on a slide; the galvanometer mirror formed an image of the filament of 
an incandescent lamp upon a photographic paper wrapped around a 
cylinder. Automatic registration could then be obtained by coupling 
(by toothed wheels) the cylinder and the slide. The slide was moved 
by a motor at a speed determined by the oscillation constants of the 
aperiodic system composed of the thermopile and the galvanometer. 
These constants were previously determined by a simple experiment. 

The ratio between the distances on the plate and on the photographic 
paper must be determined for each plate, as the dimensions of the paper 
are altered slightly when it is developed. For this purpose, before the 
photometric investigation, two fine lines are drawn on each plate at a 
convenient distance from the limit. They are recorded very distinctly 
on the curve of blackening. By measuring their distance on this and on 
the plate the desired ratio can be obtained, and is found to be about 
17.46: 1. The measurement on the plate was made with a comparator 
with better than .o1 mm. accuracy. 

By means of a microscope the correct orientation of the light ray on 


1M. Siegbahn, loc. cit. 
2M. Siegbahn, loc. cit. 
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the plate is obtained. Owing to the short length (1 mm.) of the ray 
three investigations are made, with the ray at the upper, middle and 
lower part of the plate. 

Only the part of the plate around the limit is investigated; the distance 
of the reference line from one of the drawn lines is measured with the 
comparator with an accuracy of about .or mm. 

By the photometric method here described the position of the points 
on the photographic plates can be determined with an accuracy of a few 
hundredths of a mm. A difficulty encountered in this method is the 
above mentioned alteration of the photographic paper when developed; 
this is not always exactly the same in every part. 

No limit was found for silicon. First a plate was taken with the 
above mentioned arrangement. As absorbing substance pure silicon 
was used, spread in a layer of .70 mg. per cm.” on a sheet of paper. Dur- 
ing the exposure the crystal was turned through an angle corresponding 
to the wave-length interval 


\ = 6.46 — 7.09A (Si Kg: = 6.76). 


No limit could be detected on the plate. The reason may be that the 
limit was covered by the WM, line; this has a wave-length of 6.75A, 
and is recorded very strongly on the plate. 

A new plate was taken with platinum as anticathode; this time J 
used 1.7 mg. of silicon per cm.? and examined the wave-length interval 
\ = 6.35-7.09A. No limit could be detected; still the WM, line was 
rather strong owing to the deposition of tungsten from the incandescent 
spiral on the target. Later, spirals of molybdenum were tried. These 
were found to be impracticable because of their great evaporation, which 
causes sO poor a vacuum that a sufficiently strong current could not be 
obtained, and also causes the spiral to be rapidly consumed. Tantalum, 
which probably would have been found very suitable, was unfortunately 
not procurable. 

As has already been mentioned above, the plates show that the limit 
is not, as has been commonly thought up to this time, a simple dis- 
continuity in the blackening of the plate, which covers a wave-length 
interval equal to about the width of a spectralline; but it is found, that 
the limit presents a rather complex structure. As a rule we can state: 
we have on the plate two parts of uniform, but unequal blackenings; 
the limit is the transition between these two; the stronger of the two 
blackenings has always on the side of the shorter wave-lengths a very 
distinct boundary (Km), on the other side of this we have a very bright 


_ 1M. Siegbahn and W. Stenstrém, Phys. Zeits., 15, 1916. 
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line or band (L); after this we frequently have a dark line and then again 
sometimes a bright band. 

On the plates for chromium, vanadium and titanium, a characteristic 
narrow dark line is seen in the bright line Z close up to the boundary Km; 
the phenomenon is most pronounced for chromium and vanadium; for 
titanium the fine bright boundary line between Km and the dark line 
is less distinct. 

No structure is found for the limits of magnesium, aluminium and 
argon. As regards the first two substances, this was to be expected 
for the reason mentioned above. As regards argon the reason perhaps 
may be that the plate is rather underexposed. 

In the following for each substance tables will be given containing the 
wave-length (A, unit A) of Km and the wave-length difference (AX, 
unit A) between Km and the different remarkable points in the structure 
of the limit, also the distances (Ax unit mm.) on the photographic plate, 
the frequency differences (Av unit : 10!) and energy differences (Ae unit: 
volt times the charge of the electron) corresponding to the latter are given. 
Ad is determined by: 


\ : Wave-length of Km, 

yg : glancing angle, 

y : Distance from the axis of the vacuum spectrograph to the photo- 
graphic plate. In addition a description of each plate is given. Owing 
to different well known optical illusions, it is always specially emphasized 
when features observed in the plates are not shown in the photometric 
curves. 


12 MAGNEsIUM (FIG. 1). 


Absorbing screen: pure Mg: 1.74 mg. per cm.?; reference line: 


SnLa; A = 3.5929. 
Crystal: Sugar. 
Spectrum—tst order. 
K, :\ = 9.5112 A., 
K,, — K,; : Ax = 0.26 mm., 

Ad = 0.019 A., 

Av = 0.64 X .10", 

Ae = 2.7 volt. 


Description of the plate: No structure of the limit is seen; this appears 
only as a distinct discontinuity K,, — K, in the blackening of the plate. 
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13 ALUMINIUM (FIG. 1). 
Absorbing screen: pure Al, 1.89 mg. per cm.?; reference line: 
WLa; : A = 1.4735 and SnLa; : \ = 3.5929. 


Crystal: Sugar. 


Spectrum: ist order. 
K,: = 7.9470 A, 


K,, — K, : Ax = 0.32 mm., 
Ad = 0.025 A., 
Av = 1.18 X 10%, 
Ae = 4.9 volt. 
Description of the plate: What is stated for magnesium will apply here 


also. 
15 PHOsPHORUS (FIG. 2). 


Absorbing screen: H3PQ,, 0.80 mg. P per cm.*; reference line: 


Sn La; X = 3.5929. 
Crystal: Sugar. 














Spectrum: 3d order. 
K, :\ = 5.7580 A. 
K,, al S . K,, —_ K). 
Di kien eonvenvaws 0.52 mm. 0.86 mm. 
RSE 0.0084 A. 0.0139 A. 
| Se ee ae eee 0.76.10" 1.26.10% 


| SETTLE eee | 3.16 volt — __5.25 volt 


Description of the plate: Two parts of unequal blackening (I — K,, ) 
and K; — I1), separated by a bright line (K,,£K)). 


16 SULPHUR (FIG. 3 AND FIG. 9). | 
Absorbing screen: S, 0.90 mg. per cm.?; reference line: 


Sntai \ = 3.5929. | 
Crystal: Sugar. i] 
Spectrum: 3d order. 
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Description of the plate: Starting from the boundary (K,,) of the 
stronger uniform blackening (I — K,,), we have first a distinct bright line 
(K,,£0%, 0.3 mm.), then a distinct dark line (2/7) and then at last a very 
faint bright band (MN, 0.7 mm.), which, with an apparently distinct 
limit, borders on the fainter uniform blackening (N — II). 

Whether there is in reality a distinct limit between the bright band 
(MN) and the uniform blackening (NII) cannot, owing to the faintness 
of the bright band, be decided with certainty from the photometric curves. 


17 CHLORINE [FIG. 3]. 


No absorbing screen. Reference line: ClKa; \ = 4.7187. 
Crystal: Rocksalt. 
Spectrum: ist order. 














K,, = 4.3844. 
| K..-2. Kn — M0 
A city wekducenmcies | 0.43 mm. | 0.95 — 
ie Ee eae aedd | 0.0060 A. | 0.0132 — 
io a cl as ca | 0.93.10" 2.06 — 
CRT | 3.9 volt 8.6— 








Description of the plate: Looks exactly like that for sulphur; the bright 
’ line apparently is 0.6 mm., the bright band 0.9 mm. wide. 


18 ARGON (FIG. 1). 
Absorbing substance: A., 1.5 mg. per cm.?; reference line: 


Sn Lai \ = 3.5929. 
Crystal: Sugar. 
Spectrum: 3d order. 


K,, \ = 3.8657. 
Km— Ki 
0 EE ere ee: Sete re 0/14 mm 
dA petitieynnmneekaael 0.0033 A 
es ee ees 0.67.1015 
Sa a or cata la i Ja SA ohn aloe ava 2.8 volt. 


Description of the plate: The same as for those of magnesium and 
aluminium. 
19 Potassium (FIG. 4). 
Absorbing substance: K2CO3, 2.00 mg. K per cm.?; reference line: 


SnLa :r = 3.5929. 
Crystal: Sugar. 
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Spectrum: ist order. 


Kn = = 3.4345. 











x. £. | K,, — M. x. - Lf. 
is iieiannwenn 0.16 mm. 0.35— 0.47 — 
ag aay . 0.013 A. 0.027 — 0.039 — 
Rt 3.4.10 6.9— 9.9— 

BB. sce cnsveces ‘14. volt 29. — 41.— 








Description of the plate: Looks about the same as the plates for sulphur 
and chlorine; a bright line (£), a dark line (M) and a fainter bright band 
(£’); no distinct limit of this however can be seen here; still it must be 
remarked, that, Sn-£8, which is presented very strongly, perhaps covers 
the last part of the bright band. 

The photometric curves seem to indicate the same structure for the 
bright band as for the bright line £. 


20 CALcIuM (FIG. 2). 
Absorbing substance: CaCQOs3, 1 mg. Ca. per cm.?; reference line: 
CuKa; A = 1.5374. 


WL£a: \ = 1.4735. 
Crystal: Rocksalt. 
Spectrum: ist order. 

K, :\ = 3.0633 A. 











Kn — £ . K,.— K). 
aie cudnt 0.41 mm. | 1.2— 
Ee 0.0078 A. | 0.023 — 
Ne is reine 2.48.10 | 14— 
| 31 ia 








a ay kee eas 10.3 volt 








Description of the plaie: Looks about the same as the plate for phos- 
phorus. 
21 ScANDIUM (FIG. 5.) 
Absorbing substance: Sc2(SOx4)3, 1.7 mg. Sc. per cm.?; reference line: 
VKa; \ = 2.4987 A. 
Crystal: Rocksalt. 
Spectrum: ist order. 











K,, — L. K,,, — M. K,, — N. 
Bi 6 ns incense 0.47 mm. 1.14— 2.30— 
eer eee 0.0091 A. 0.0222— 0.0446— 
ices nentesnns 3.62.10" 8.79 — 17.67 — 


ee eer «ss 15.1 volt 




















COND 
212 HUGO FRICKE. ny 


Description of the plate: Here and also on the following plates for 
titanium and vanadium two dark, rather broad and diffuse lines (M, 
and M.) are seen in the fainter uniform blackening; their distances from 
K,, are about I and 3 mm.; the first is the stronger; it forms the boundary 
between £ and the fainter uniform blackening. The existence of the 
second is perhaps questionable; it cannot be shown with certainty on 
the photometric curves. 


22 TITANIUM (FIG. 6 and Fig. 10.) 
Absorbing substance: TiOz, 2.0 mg. Ti per cm.?; reference line: 


Cr Ka; A = 2.2852. 
Crystal: Rocksalt. 
Spectrum: ist order. 

















K,, , A = 2.4937. 
K,,—S’. [Kn—S"]. K,,—m. 
ies sentaw cues 0.63 mm. 1.07 — 0.14— 
I al. 0.0124 A. 0.0214— 0.0028 — 
OE 6.0.10'5 10.3— 1.3— 
ie icles kninxes 25.0 volt 43.0- 5.6— 








Description of the plate: My, (see under scandium) has here a very 
distinct boundary on the side toward the bright line £; this has a very 
well defined breadth (£’ — £’’). In the middle of £ is seen a very faint 
dark line M’; where this is shown on the photometric curves cannot with 
certainty be determined. As already mentioned above we have a very 
dark distinct line (here not so pronounced as in the case of vanadium 
and chromium) in £ close up to K,,; it is shown in thee photometric 
curves at m. 

23 VANADIUM (FIG. 7). 
Absorbing substance: V2O;, 2mg. V per cm.?; reference line: 
Fe Ka; : A = 1.9324. 
Crsytal: Rocksalt. 


Spectrum: ist order. - 
: K,, : X = 2.2653. 











| Ka—k _ Ka-m. | K,—£. | Kn—-M. | K,n—M. 


re | 017mm. | 0.26—- | 0.60— 118—- | %60- 
nea | 0.0035A. | 0.0053— | 0.0123— 0.0242 — 0.0327 — 


Bia» sews | 2.0.10 | 31- = | 72- =| 142- 19.1— 
ee | 8.5 volt 12.9— 30.0- | 59.0— 79.8 — 
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Description of the plate: Like the plate for titanium; the dark line m 
close to K,, is here seen very distinctly; the bright line between m and 
K,, is shown on the photometric curves by I. 


24 CHROMIUM (FIG. 8). 
Absorbing substance: K2CrO,, 1 mg. Cr. per cm.?; reference line: 


WLa: d = 1.4735. 
Crystal: Rocksalt. 
Spectrum: ist order. 

Kn: = 2.0675 A. 














K,, — 1. K,—m.  Kn—L. | Kn—M’. | Ka—M. 
ics remap 0.13 mm. 0.20— 0.47 — 0.74— | 1.05— 
Bivsiaxess 0.0026A. | 0.0040— 0.0098— | 0.0153— | 0.0218— 
Bickrineas 18.105 | 2.8- 6.8— 10.7 — | 15.3- 
Wi scans 7.6volt | 11.8— 28.6— 45.0— 64.0— 








Description of the plate: The two dark lines M, and M;, are not seen 
here; the bright line £ has very distinct boundaries on both sides (£’ 
and £’); as in the case of titanium and vanadium a very faint dark 
line M’ is seen in the middle of £. What is stated for vanadium about 
the dark line m will apply here also. 

No satisfactory theory for the limiting frequency has as yet been 
published. .Kossel,! on the basis of Bohr’s theory, regards the limiting 
frequency of a certain series as corresponding to the passing of the electron 
from the ring in the atom, corresponding to this series, to the space out- 
side all the rings of electrons in the atom. On the basis of this theory, 
a theory for the structure of the limit here discovered would be, that 
different orbits exist outside the atom, to all of which the electron (with 
different probabilities) can go starting from the K-ring. The different 
passages corresponding to these orbits will give a series of absorption 
lines. Further, the electron from the K-ring can pass to infinity with 
all kinds of velocities (still with a varying probability); this will give a 
broad absorption band succeeding the above-mentioned absorption lines. 
The last type of passage is used by Bohr* to explain the continuous 
absorption band, which is observed by R. W. Wood at the head of the 
principal series of sodium, extending to the extreme ultra-violet. 

It ought, however, to be mentioned that this theory does not seem to 
explain the more special formation of the structure observed for the dif- 
ferent substances. 


1W. Kossel, Verh. d. D. Phys. Ges. (16), p. 953, 1914. 
2?.N. Bohr, Phil. Mag. (26), p. 17, 1913. 
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TABLE FOR Ky. 





. Fis 
Atomic | Element. 











| 
hes. | Ky :a Vx Difference. 
12 Mg | 9.5112 0.32425 
| .3050 
13 Al 7.9470 0.35475 
14 Si —— —_—— (.6199) 
15 | Pp 5.7580 0.41674 | 
| .2992 
6 | § 5.0123 0.44666 
| | .3093 
17 = 4.3844 0.47759 | 
.3102 
18 | oA 3.8657 0.50861 
.3099 
19 K 3.4345 0.53960 
3175 
20 Ca 3.0633 0.57135 
| | 3149 
21 | = Se | 2.7517 0.60284 
| 3042 
22 | Ti | 2.4937 0.63326 
3116 
23 | Vv 2.2653 0.66442 
| 3105 
0.69547 


24 Cr. | 2.0675 





For none of the substances, with the exception of Mg, are the wave- 
lengths of the limit found, with certainty, longer than any of the K- 
lines. For Mg the wave-length in question is found considerably longer 
than the wave-length of the Kg; line.!. The reason for this perhaps may 
be illustrated by the following simple consideration: The Kg line corre- 
sponds to a transmission of the electron from one ring of electrons (the 
M-ring) to another ring situated nearer the nucleus (the K-ring). A 
simple calculation shows however, that more energy is not always 
required to move the electron from the innermost ring to infinity than 
to move it between two such rings. The latter passage can require the 
greater amount of energy if the M-ring is situated in the exterior of the 
atom. 

Limiting frequencies have previously been determined by de Broglie,’ 
Wagner*® and Siegbahn-Jonsson‘ using the photographic method and by 

1M. Siegbahn and W. Stenstrém, loc. cit. 

2M. de Broglie, C. R., 163, p. 87, 1916, and Jour. de Phys., 5, p. 161, 1916. 


3E. Wagner, Bayr. Akad. d. Wiss., 1916. 
4M. Siegbahn and E. Jonsson, Phys. Zeits., 20, p. 251, 1919. 
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Blake!-Duane, Duane?-Kang-Fuh-Hu and Duane-Takeo Shimizu’ using 
the ionization method.* 

No structure of the limit has been found by any of these authors. As 
regards the smaller wave-lengths the reason for that is certainly that the 
structure here covers so small an interval of wave-length, that it could 
not be observed with the accuracy obtainable in the investigations con- 
cerned; this agrees with the theory here given. As regards the longer 
wave-lengths, the reason may be that in order to get sufficiently high 
intensity and a distinct limit the investigators have used comparatively 
broad slits, high potentials and large quantities of the absorbing sub- 
stances.° 

COPENHAGEN, DENMARK. 


1F. C. Blake and W. Duane, Puys. REv., 10, p. 697, 1917. 

2 W. Duane and Kang-Fuh-Hu, Puys. REv., 14, p. 516, 1919. 

3W. Duane and Takeo Shimizu, Puys. REv., 14, p. 522, 1919. 

4 After the completion of this work, W. Stenstrém (Diss. Lund. Sweden 1919), using 
the photographic method, has found three limits in the M-series. These present a structure 
about the same as is found here; however, the whole complex is, as to be expected, rather faint. 

5 Wagner? states, that in his investigation of the limit of Iron he has used a foil of Iron 0.02 
mm. thick. A calculation shows that this foil will absorb practically the whole radiation of 
shorter wave-lengths than the limiting wave-length. Furthermore he has used a slit 0.4 
mm. wide. 
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THE AUDION OSCILLATOR. 
By R. A. HEISING. 


SYNOPSIS. 

Conditions Bordering Free Oscillations in Audion Generator Circuits —Conditions 
required for the production of free oscillations in audion oscillator circuits can be 
mathematically predetermined. It necessitates an assumption of a straight line 
characteristic for the tube, which assumption becomes exact for small oscillations. 
The required conditions can be expressed in terms of the constants of the circuit 
elements and the constants of the tube. The equations are set up as for ordinary 
circuits making use of Nichols’ explanation of the behavior of the audion in which 
the amplifying action is ascribed to a fictitious generator located between the plate 
and filament inside the tube and having a voltage u times the voltage applied to the 
grid. Two simple circuits are treated in detail and results plotted in several sets 
of curves. 

I. INTRODUCTION. 

HE audion generator of sustained high frequency currents has been 

the subject of much investigation during the past few years and 

has given rise to numerous papers. It has been discussed by Hazeltine 
(I.R.E., April, 1918), Vallauri (L’Elettrotecnica, January, 1917), and 
in Bureau of Standards Circular No. 74. The writer has done consider- 
able work along this line, both theoretical and experimental, and many 
of the results are in the course of publication. Analytic studies have 
been made by Hazeltine, Vallauri and others. In this article duplication 


of their work will be avoided where possible. 


2. APPROXIMATIONS AND ASSUMPTIONS. 

The difficulty of securing an exact solution for audion circuits has 
been evident to all investigators. The primary reason is found in the 
nature of its characteristic curve. According to Van der Bijl, the equa- 
tion expressing its behavior is 


i = B(E, + wE. + b)?, (1) 


where E£, is the plate potential, EZ, is the grid potential, u is the amplifica- 
tion constant and B and & are constants. This curve is a parabola 
which makes any circuit equations derived from it extremely complex. 
Vallauri assumes a straight line characteristic at the outset as does 
Hazeltine by his definition of mutual conductance g. The straight line 
equation will be assumed in this work for several reasons. They are: 
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(1) the solution is simplified (2) according to Van der Bijl (Puys. REv., 
Sept., 1918, p. 182) the output impedance of the audion is independent 
of a variable potential impressed on the grid (3) the above patabolic 
equation ceases to hold when E, becomes negative, E, becomes positive, 
or Ey + wE. + k is negative. From the second reason we deduce that 
the equations derived hold not only for small oscillations over such a 
small part of the curve that it is sensibly a straight line, but they hold 
for large oscillations up to the value that will make £, negative, E, 
positive or E, + wE, + k negative. Under these conditions (reason 3) 
equation I is no longer the charac- 
teristic curve as the latter takes the \ 
form shown by the full line in Fig. 1. 
The parabolic equation fits the actual ‘ 
curve over only part of its length. \ 
For positive values of E, two things \ 
occur in the tube which are not con- ‘ 
tained in this equation—(a) current + 
flows from the grid to the filament, 
(b) voltage saturation of the filament 
occurs. These things cause the actual 
curve to depart from the right-hand limb of the parabola as shown in 
Fig. 1. For negative values of E, + wE, + k the left-hand limb of the 
parabola disappears entirely. For negative values of E, regardless of 
the value of FE, + wE, + k the equation fails. These departures make 
it useless to consider the parabolic equation in any oscillator solution. 
The actual function containing all variables is exceedingly complicated. 
The assumption of the straight line equation together with reason 2 
give equations which hold for the oscillation frequency up to the limits 
mentioned and give circuit conditions required for oscillating as well as 
most of the transient conditions correctly. 











Fig. 1. 


Characteristic curve. 


3. EQUATION ASSUMED. 


The equation assumed is 


i= BE, + wE. + ). (2) 

The output impedance (or internal impedance as it is sometimes called) is 
dE, I 

so es (3) 


and is constant at all times. In setting up the differential equations of 
the circuit advantage is taken of the theorem stated by Nichols in the 
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PuysicaL REvIEW, Aug., 1917, that an element whose impedance value 
varies can be considered as having a constant value but with a variable 
E.M.F. located within. In the case of the audion, the constant resistance 
is the output impedance Z in equation (3) and the contained E.M.F. 
is wE,.. Referring to Fig. 3, which is a diagrammatic representation of 
Fig. 2; the fictitious generator G is located within the audion and has 


























Fae 
icy ec 
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F. a ° 
Fig. 2. Fig. 3. 
Hartley oscillator circuit. Electrical equivalent of Hartley circuit. 


an E.M.F. we, where e is the E.M.F. across L,; (between grid and filament). 
If instead we set up the differential equations in the regular manner and 
substitute equation (2) identical results are secured. For simplicity 
and clearness, Nichols’ method is the better. 


4. THE OSCILLATORY CIRCUIT. 
The simplest type of oscillatory circuit consists of an inductance, a 
resistance, and a capacity in series. The differential equation of the 
circuit is 


di . idt 
ro+Rit {Sa£, (4) 


where E is constant. The solution of this circuit is secured by making 
the assumption that 


4 = Ae". (5) 
Differentiating (4) and substituting (5) 
Aet#( La? + Ra +4) =o. (6) 
Solving for (a) | 
— oe eee 
Oe ta ie (7) 
Giving as the solution 
R R: R i = 
i= Ae(~=* Vin- ze) _ Be(72z~ Vin- ze) a (8) 


The values of A and B are secured by substituting the boundary condi- 
tions in a given case. The part with which we are concerned, however, 
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is the exponential constant a. Under certain conditions, viz: (R?/4L*) 
< (1/LC) the radical term is imaginary. The exponential term then 
has the general form 


R 
a= — sti (9) 


which means that the circuit is oscillatory, that the frequency of oscilla- 
tion is w/27, and that the oscillations are damped according to e“~*?”* 
The value of w is given by v(1/LC ) — (R2/4L?) and is largely dependent 
upon the inductance and capacity. 

The length of time the oscillations last depends upon the vlaue of 
— (R/2L). If this is large numerically, the oscillations die out rapidly; 
if it is very small, the oscillations will continue for a considerable time. 
If we can make it zero, the damping term e‘~*?“* reduces to unity for 
all values of time, and we have the condition of oscillations occurring 
without a driving E.M.F. which oscillations neither increase nor decrease 
with time. If, however, we can make the exponent positive, the damping 
*#2L and the oscillations will 





term becomes an “undamping”’ term e' 
increase with time. If we insert a carbon arc in a series circuit containing 
inductance, capacity and low resistance, the combination produces the 
condition just referred to—a positive damping constant—and oscillations 
occur which increase with time. Such oscillations once started increase 
continuously until some characteristic of the are or circuit is altered. 
The alteration occurring reduces the damping constant to zero after 
which the oscillations continue indefinitely with unchanged amplitude. 


5. PRODUCTION OF OSCILLATIONS BY AN AMPLIFIER AND ITS CIRCUIT. 


Continuous oscillations can also be produced by amplifiers. An am- 
plifier is a device which takes power in some form but converts part 
of it into a different form due to the operation of a control member. 
A relay is an amplifier. The magnet is the control member and the 
power conversion occurs by the making and breaking of the armature 
contact points. A relay provided with a spring, bell, and clapper forms 
an electric bell and can be used to produce oscillations. The bell takes 
power in the form of unidirectional current and converts it into mechan- 
ical and electrical oscillations by virtue of the control elements (magnets) 
operating on the armature and varying the electrical constants in some 
part of the circuit (breaks a contact). The audion acts in a similar 
manner and produces oscillations. Potential changes on the grid (instead 
of current through a magnet) cause the plate to filament resistance to 
change and power is delivered to a circuit. Equation for systems like 
these are discussed by Nichols (PHysicAL REVIEW, August, 1917) and 
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are solved in the same general manner as are those for the simple cases 
mentioned previously. 
6. CrrcuIT EQUATIONS. 

The simpler oscillator circuits only will be considered. The more 
complex circuits can be more clearly explained by applying to them the 
deductions made from the simple circuits than can be done by using the 
complicated equations of the complex circuits themselves. The circuit 
shown in Fig. 2, called the Hartley circuit on account of its inventor, is 
shown diagrammatically in Fig. 3. The equations, assuming the current 
directions indicated by the arrows as positive, are 


f : d1 di : . se 
Ri, +hz = M+ R3(t; + 14) + f “" + 1R; 
7 di, di, 
< = - (Ri + G - 0), (10) 





i MOE+R(iti) +Rit Lis =—u (RiitEF -u) 
The right-hand terms stand for the voltage generated by the fictitious 
generator G. The voltage is opposite in direction to the drop across the 
inductance L; and is therefore given an opposite sign. M is the mutual 
inductance between L; and L,. In these equations, the continuous 
potentials and currents are omitted as they cancel out. The equations 
stand for the varying values only. 

The assumption is now made that the current in any part, such as in 
L, has the form (as in equation 5) 


iy = Tye, (11) 
On substituting in the above equations and dividing out the e** term 
we have 
| TR + als) + th ( Rs+ )+ LLRs — I.Ma + LR: 
! = — w(Ii(R: + aL) — 14Ma,) (12) 
q —1,Mat+1,R3+1sR3+1s(RitaLs) = —p(7;(R; + aL) — I,Ma). 





If the exponent a is a pure imaginary number such as-jw, the equations 
reduce to the usual complex form for alternating current circuits. We 
are then justified in writing in a more simple manner the above as 


(Zi: + Z; + Z3 + wZ;) + 14(Z3 — W - uW) = QO, 
I,(Z3 — W + wZi) + I4(Z3 + Z; — pW) = 0.) 


Where Z;, Z;, etc., are the complex impedances of the circuit elements. 


(13) 
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Heaviside (Electrical Papers) and Campbell (A. I. E. E., Apr., 1911) 
have shown that such equations also hold where a is complex—that is 
with damped or expanding oscillations. Equations 13 thus hold for 
any value of a and in this case the impedances are: 





Zi =Ri+ aL, 
Z2,= Ri + aly, 
- i. > 
Z,;= Rs + aC, (14) 
W = aM, 
Z3 = Rs. J 


These are the values for the particular circuit considered (Fig. 2) but 
can be given different values if the elements of the oscillator are con- 
structed in other ways than that shown. 

On solving this equation for J; we get 


_ o(W + Z,) (as) 
~ (Zs+Ze—nW)(Z1+uZ1+Zs+Zs)—(Zs-W—pW)(Zs4+uZ,—W) “9 


This equation has the dimensions of a zero E.M.F. divided by an im- 
pedance of the value ' 





I; 


(Z3+Z3—uW)(Z:+4Z1+2Z3+Z;) —(Z3— W—ywW)(Z3+uZi— W) 
(16) 
| W+2Z;, 
and giving a finite current. Such a condition obtains only if the im- 
pedance is also zero. We can thus write the determining equation for 
free oscillation 


(Z3 + Zs — ubW)(Z1 + wZ, + Z3 + Zs) 
— (Z3; — W — wpW)(Z3 + uZ, — W) = 0. (17) 


This equation tells nothing about the value of J,. It indicates only 
the conditions obtaining under which a current can flow without an 
applied E.M.F. It is the usual equation giving the frequency and damp- 
ing constants of transient currents in a circuit. In this type of circuit, 
however, the transients may not be damped, but may expand. The 
equation determines the value of the exponent a in equation II, just as 
equation 6 gives its value for the ordinary oscillatory circuit. The © 
actual value of J; is determined by the boundary conditions imposed by 
the oscillator circuit when the switch is closed, and the logarithmic 
term e* as affected by the value of a and the lapse of time ¢. 

In the actual circuit, the latter mentioned increase of current with 
time does not continue indefinitely due to the limitations of the audion 
characteristics and the steady state conditions resulting cannot be deter- 
mined by these equations. 
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On collecting the terms in a different way 


Z3(Z, ~ Zs + Z.+ 2W) + (u + 1)(Z,;2Z,4 -—-W- Z;W) “1 ZW 
+ Z:Z; = O. (18) 


This equation holds for any circuit having impedance in the places of 
I,, L,or C. For applying it to them it is only necessary to substitute 
their impedances in a form similar to those in equations 14. 

For the Hartley circuit substitute (14) in (18) 


Z| R +RitRs tal; +ale+ 2+ 201 | 


+(u+1) | RRbetLabe+aRiLitoRL—oM—oMR,— Z| 
M 
Cc 
Multiplying through by a and collecting in terms of its descending powers 
a®(u + 1)[(LiLy — M*] + @*[Z3(Li + Ly + 2M) + (uw + 1)(RiLg 

+ RL, — MR;) — MR; + R;Ls!] 


= 
+ aMR; +—=+ RRs + rd + , + aR;L,; = 0. (19) 


M 
+a | zscr, + Ry t+ Rs) + (u + 1) ( Rik; - z)+ R3R; 





ML, Z3+R, 
+5+3| . (20) 
which has the general form 
a®+a’x+ay+2=0, (21) 


where 


ae Z3(L1+L4+2M)+(ut+ 1)(Rils +RLi—MR;) +R;(Ls—-M) 
: (u+1)(LiL4— M?) 








M M+L 
, Z3(RitRitRs)+(ut+1) (xR. Z) dina “a - = (22) 
y (u+1)(L,L,— M?) ; 


_ Z3st+R,y 
(u+1)(LiLy—M*)C° 








An equation of this type has three roots. If these roots are P;, P2 
and P; the coefficients in the equation are: 
x = — (P; + P2 + Ps), 
y = PiP2 + P2P3 + PsP, (23) 
z=- P,P oP3. 
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As we are expecting a solution giving a freely oscillatory condition, 
we know that a is complex and that the above coefficients are all real. 
The roots must have the form 


P, bes 
P, = d; — ja, (24) 
P; = ds 
to satisfy these conditions. Combining with (23) we get 
x= - d» aad 2d, 
= dP + w* + 2did2, (25) 


2=-> d2(d;" + w’), 


where d; and d2 are the damping constants and w = 2zf. 

As stated before, if d; is zero, the oscillations when once started will 
persist indefinitely, neither decreasing nor increasing. If d; is negative, 
they will, as in all ordinary tuned circuits, die out. The condition under 
which a circuit will just oscillate is that of d; = o but if it is the slightest 
bit greater, oscillations will increase with time. The condition of most 
interest to us is that condition of the circuit at which oscillations just 
will, or will not occur as we are then enabled to determine the circuit 
requirements under which free oscillations will, or will not take place. 
It marks the change from the normal stable circuit to the freely oscilla- 
tory circuit and the conditions of the circuit influencing this change are 
of the utmost importance. 

The equation (21) as it is, admits of no simple exact solution accurate 
under all conditions but does admit of an exact solution at and near the 
condition of d; = 0. If we take the case of d; almost zero, we can neglect 
it in comparison with dz or w in equations (25). If we do not consider it 
exactly zero, the term containing the product of d; and d2 must be left 
in, and it enables us to determine the value of d; at and around zero with 
extreme accuracy. Under this condition we can rewrite equations (25) 
neglecting the second powers of d; and the first power in comparison with 
de giving 


xs=-> do, 
y= w + 2djdo, from which 


z= — doo, 1/s 
d, = —a = ws | 
L ax \x 


£ 

t 

II 
Bia 


(26) 
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7. DIRECT CURRENT TRANSIENT TERM. 


From equations 22 and 26 we can write 





il WHhL—M) SO 


This factor is always negative under conditions even approximating 
those of free oscillation and indicates that the current term multiplied 
by e“ decreases with time under all conditions in the circuit. It is the 
space current damping term. This transient term is not of much im- 
portance to us as it multiplies no periodic or A.C. term and therefore 
is not concerned with the oscillation current in the circuit but can only 
be concerned with a direct current term. It indicates the rapidity with 
which the space current builds up to its final value. If we consider 
Ri, Rs, and R; as zero, C; as infinite and M as zero, and look at the circuit 
as a resistance Z; in series with two parallel inductances L; and L;, this 


damping term reduces to 


Z 
dy = — ° ' (28) 


LiL, 
(u+ fe eB i 


In this, (L,L,4)/(Z; + L,) is the effective inductance of the two induc- 
tances in parallel. If « = o which is the case of a pure resistance for Z3 
with no amplifying characteristic, the equation is 


Z3 
d, = — ae (29) 





where L, is the effective inductance and Z; is the resistance. - This is the 
damping constant in a circuit containing only inductance and resistance. 
The direct current solution for this circuit is therefore, 


“— E, + wE. +k 
Z3+ Rs 


where E, is whatever constant negative potential is applied to the grid, K 
is a constant and d_ is the value given in equation 27. It will be observed 
that if uw is large, the damping constant dz is small, and that it will take 
a longer time for the space current to rise to the final value than in the 
case of a low uz audion. 





(1 — e*), (30) 


8. FREQUENCY TERM. 
From equations 22 and 26 we get the frequency term 


= Z3t+Rsg 
C(u+1)(LiL4— M?) 


2 





@ 


x (u+1)(LiL4— M?) (31) 
Z3(LitLst2M)+(ut+1)(Rils+RiLi— MR;)+R;(Li—M)’ 3 
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which, on collecting terms and calling ZL; + L, + 2M = Ly (the total 
inductance in the oscillation circuit), gives 


LB 
==5X 2; (32) 
L:C (uw + 1)(Ril,g + ReLli — MR;) + R5(Ls — M) 
:> 
Z3Lo 
This shows the ferquency to be determined largely by the inductance 


and capacity of the circuit. If all resistances Ri, Ry, and R; are zero, 
the equation reduces to 


9 
« 


w 








ae ates 


These resistances, however, never are zero but are always of such a 
value as to affect the frequency somewhat. The fraction multiplying 
1/LoC is always less than unity as no values can be given to Ry, Z3, Li, 
and Ly which will produce a freely oscillatory circuit and make it greater 
than unity. The denominator contains , 

1+ e AC +1), and AC +1) and 
will always be equal to or greater than unity. This will always make the 
fraction less than unity. The adding of resistance to any part of the 
oscillator circuit will therefore increase the value of the denominator 
and reduce the computed value for the frequency. 

The effect of resistance in the circuit is therefore always to make 
the circuit oscillate at a frequency lower than the resonant frequency of 
the inductance and capacity. The greater the resistances, the greater 
this difference. The effect of the amplifying constant is to reduce the 
frequency still further. 


9. OSCILLATION ‘ DAMPING”’ OR “‘EXPANDING”’ TERM. 
Returning to equations 22 and 26 we can write the damping constant 


ro (u+1)(LiLa— M2) 
’ 2{ZsLo+ (ut 1)(RiLi+RyLi— MR;)+ R;(Lis— M)} 





M M+L 
Z3(Rit+Ryt+Rs)+(ut+1) (RR- Z)+RRs+ are 


(u+1)(LiL, — M?) 
where w* is written for its equivalent value Z/X and Ly, is written for 
Li > Ly — 2M. 
This equation contains two terms multiplied together. In order that 
d, may become zero or positive, one of these terms must be zero or 





XX] ow? » (34) 
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positive under certain conditions. The first term in brackets will always 
be positive. M®? is always less than LJ, as it is the mutual inductance 
between L; and ‘ and the positive terms in the denominator preponder- 
ate. The second term of the equation can be either positive or negative. 
If it is positive or zero, d,; will be positive or zero and our condition of 
free oscillations will occur. We can therefore say that in order to have 
the condition of free oscillations, that the circuit be constructed such that 





Z3(RitRst+Rs)+(u +1) (xR.-%) +RyR3+ a 
en = 0. (35) 
This equation can be put in a somewhat different form 

M ly 
Z3(Ri + Rs + Rs) + RiRs + Cts 
wti= — — (36) 


w(Lil,y — M*) — RiRy+ 
as the condition required in order that free oscillations will occur. The 
term »” is left in this equation although an exact solution would require 
the substitution of its value from equation 32. However, the solution 
for (u + 1) is then very much more complicated. At the most, w varies 
from the resonant value for the circuit not more than a per cent. or so, 
and in practical work the error is of no consequence. 

Inspection of this equation shows that increasing any resistance in the 
circuit, tends to stop the oscillations. Also, that an audion with high 
output impedance Z; requires a higher value of yu in, order to oscillate 
in a given circuit and that the high uw audion will oscillate where low yu 
ones will not, other things being the same. 

If we put in the approximate value of w? = 1/LoC the equation becomes 

_ 2:)(Ri + Ri + Rs)C + M+ Ls + RRC 
ert —— i 7” ea ‘ (37) 
io oe BRL + M 
Cc 

This shows that, other things being constant, increasing the capacity 
C not only lowers the frequency, but increases the value » must have in 
order that the circuit will continue to oscillate. In a given circuit, with 
a given audion if C is increased, one of the resistances must be reduced, 
or vice versa. 

If we assume a circuit has no resistance whatever, a certain proportion- 
ment must still be made or free oscillations will not occur. If Ri = Rg 
= R; = 0, the equation reduces to 


(Ly + ML») 


aeTrizs re. — M2 + ML»’ (38) 
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which gives 
> Li + 7 M ( 
M= Tw 39) 


This means that regardless of there being zero resistance in the oscilla- 
tion circuit elements, the amplification constant must bear the above 
relation to the circuit or it will not oscillate. If there is any ohmic 
resistance, the amplification constant must be greater. If the mutual 
inductance is zero 


KM =T,’ (40) 


which shows that the ratio of the plate to grid inductances, and therefore 
the ratio of the reactive voltages on plate and grid must be equal to or 
less than uw. This relation can also be derived in a simpler way. In an 
oscillator circuit, the alternating voltage applied on the grid by the 
oscillation current will necessarily be 

E, = wll (41) 
and on the plate 

E, = wll, (42) 
where Jo is the oscillation current. The driving voltage of the fictitious 
generator in the tube is then 

Eg -_ poll . (43) 


and it must be equal to or greater than the voltage drops in the plate 


circuit. 
pollo = whalo + Z3lh, (44) 
where J, is the alternating space current. This gives the condition 
a “en = a 


as the required proportion which agrees with our earlier results, for, if 
the resistance of the oscillation circuit is zero, the impedance attached to 
the plate is infinite and 7, must ber zero. We have left then the same 
requirement for free oscillations as is given by equation 40— 


IV 


SS 


im 


If the mutual inductance between L; and Ly, is made zero, equation 
37 is further simplified. Experience has shown that the terms RyR;C 
and R,R;C are less than .1 per cent. of the other terms and we can further 
simplify by neglecting them. The equation then becomes 


Z(Ri + R, + R;)C + Ly 
LiL, 


— 


M + I Lo, (46) 








a a 
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where Lo = Li: + Ly. This is also equal to 


Clo’, L 
HEZ(R+R+R) pF +z. (47) 





This shows that with all resistance in the circuit zero, the amplification 
constant must still be equal to or 
greater than L,/L, and that as the 
resistance is increased, the required 
value is a straight line function of 
the total resistance. Curves are 
plotted in Fig. 4 for the required 
amplification constant as a func- 
tion of the total resistance. These 
curves are for various ratios of 
L,/L, with L; + Ly, the same in all 
cases. It will be observed that the 
curves for L4/L,;,=3 and L,/L,=}4 
have the same slopes. This means 
that the amplifying constant re- 
quired increases with resistance at 
the same rate in the two cases al- 
though it begins at different values. For the condition of L,/L; = 1 the 
rate of increase required is a minimum. This is because L; X L, is a 
maximum under this condition. 

Equation 47 also shows that in a given case with the ratio between L, 
and L, kept constant, the ratio of Ly» to Ly kept constant, and the product 
Lo X C kept constant, we can increase the total resistance in a circuit 
and not change the oscillatory conditions provided we increase L;/C 
and therefore L,/C in the same ratio. If therefore in a given case, it is 
necessary to vary the resistance and it is desired to have the same degree 
of oscillation, this can be accomplished by changing Ly and C in such a 
manner that their ratio changes in the same proportion as the resistance, 
keeping, however, the product Ly X C and the quotient L,/Z, the same. 

In Fig. 5 are two curves showing the resistance required to stop 
oscillators having similar circuit and audion constants but different 
amplifying constants. If « = 10, it requires a much larger resistance 
in a given case than if « = 2. The curves are plotted for required re- 
sistence as a function of that part of the total inductance that is in the 
plate circuit. This shows that with Z; and L, approximately the same 
in value, the circuit will oscillate with a greater resistance than with 
other adjustments. When the constants of an audion are known, the 


a a ™ 


_ 





Fig. 4. 


Required amplification constant as a function 
of resistance. Circuit constants in Fig. 5. 
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value of ZL, which can produce oscillations with a maximum resistance 
can be secured from the maximum value of equation 47. Solving equa- 
tion 47 for R 


_ BLols — Le(u + 1) 
R, + R, + R; — ZL ’ (48) 


where Lo — Ly is substituted for Z;. The curves in Fig. 5 are plotted 





R= Lis3omh 
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Fig. 5. Fig. 6. 


Resistance required to stop oscillations. Amplification constant required as a func- 
tion of L4/Lo for free oscillations. 


from the above equation with L, plotted in percentage of Lo. On differ- 
entiating with respect to Ly and equating to zero we get 

Ly | mM 

Lo 2(u+1)° (49) 
This equation enables us to get the best coupling for working into high 
resistance circuits where we wish to have the greatest reliability in oscilla- 
tion. 

This does not mean, however, that under these conditions the audion 
will deliver the maximum power. On the contrary, this is not the case 
as other things enter into that. It only means that oscillations will 
occur in a circuit of higher resistance with this relation occurring than 
with any other arrangement. 

Figure 6 contains curves indicating the values of u required for various 
ratios of L,4/Lo for three cases of R:, Ry, and R; each equal to 0, I and 10 
ohms in the three cases respectively. As indicated by the curves, a 
minimum value of u is required in a given case if the value of L, is chosen 
properly. The value of ZL, at which the minimum u is required can be 
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secured from equation 50, which is secured by differentiating 47 with 
respect to L, 





Zz 
Ly, = Z;(Rit+ Ry +Roe| y + ZAR, yee ae |. (50) 





10. FORM OF EXPANDING CONSTANT 4d). 


In Fig. 7 a Hartley circuit is given with audion and circuit constants 
such as can occur in practice. The resistance of the condenser R; is 
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Fig. 7. 


Circuit and constants for Figs. 8, 


9 and Io. 


Fig. 8. 


Variation of ‘“‘undamping”’ constant d; with 


resistance. 


assumed as zero as it usually is small compared to other resistances, and 
the value of R,is given as1ohm. Curves are given in Figs. 8, 9, and 10 
of d,, w’, and dz as a function of R;. R, and R, enter into the equation 
under these conditions in exactly similar ways and the curves can be 
assumed as a function of Ry with R; as one ohm just as well. 

Figure 8 gives d, as a function of R; and shows it to be almost a straight- 
line function. In fact the variation is too small to see on a curve. If 
we neglect most of the resistance terms in equation 34 and write 


| Li MyM 
7 (u+1)(L,L, — M?) Z3(RitRs)+ C + C (u+1) C 


= S as aie o 
a1 2ZaLe . (ut 1) (LiL,— I) jr GD 


we have an equation which is a straight line with R; or R, as the variable. 
The error in the above is about 4 per cent. in this case with R; = 70 ohms 
and proportionally smaller if R; is smaller. The curve as computed and 
plotted is from equation (34). The curve shows that 66.5 ohms for R; 
is the critical resistance of the circuit. For values below 66.5 ohms, d; 
is positive and free oscillations occur. For values above 66.5 ohms, d, 
is negative and oscillations die out. The circuit is then said to be stable 
or not freely oscillatory. If R; is of the order of zero or 1 ohm, the ex- 
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panding constant d; is 80,000. In such a case in one eighty-thousandth 
of a second, the oscillations will increase to e times their value and keep 
on increasing in the same manner. In one forty-thousandth of a second, 
they will increase to e? and in one ten-thousandth of a second to é 
(= 3,000) times the starting value. This increasing does not continue 
indefinitely as the characteristic curve departs from a straight line. 
Increasing R; reduces d, until it changes sign at R; = 66.5 ohms. It is 
possible to give R; such a value, close to the critical value and above it, 
that the oscillations will be only slightly damped and the initial oscillation 
produced by closing the switch will persist for several seconds. The 
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Fig. 9. Fig. 10. 
Variation of w? with resistance. Variation of damping constant d2 with resistance. 


sensitivity of the circuit then to a little resistance such as can be intro- 
duced by bringing a coin or other piece of metal near to the circuit, is 
sharply marked. 


11. FORM OF THE FREQUENCY TERM. 
The value of w is shown in Fig. 9. At R; = 0 it is very close to 1/LoC 
and would have that value if R, equaled zero also. Increasing R; lowers 
the frequency and at the critical value it is 1.6 per cent. lower. 


12. D.C. DAMPING CONSTANT. 


Figure 10 shows the damping constant d2 as a function of R;. The 
predominating resistance term in this equation (27) is Z;, and R,; and 
R, affect it but slightly. Their influence, however, is to raise the value a 
few per cent. (2.5 per cent.) between R,; = 0 and the critical value. 
‘This constant is always negative when conditions are such as to produce 
oscillations and is of such a large value that it has ceased to influence the 
circuit long before the oscillations have changed appreciably. 


13. RANGE FOR ACCURATE USE. 
In securing equations 26 from equations 25 it was assumed that 2d, 
was small in comparsion to d2, and that d,*? was small compared to «@’, 
and to w? + 2d;dz. The order of magnitude of these values for R; = 1 
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in the circuit in Fig. 7 are 


dz; = — 19. X 10°, 
d=+ 1 X 10%, (52) 
2? = + 3.027 X 10”. 


19) 


The first assumption that d,; was negligible in comparison to dz, produces 
an error in dz of 1 in 190 for the most highly oscillatory condition and 
less than that for other conditions in the oscillatory range. The error 
produced by neglecting d,? in comparison with « is I in 300 under the 
same conditions and less toward the critical condition. The error pro- 
duced by neglecting d,? in comparison with w? + 2d,d2 is 1 in 490 under 
the same conditions. We thus see that our assumptions were justified 
and that the solutions secured are not only accurate at and around the 
critical point, but that the errors introduced when using the solutions 
over the rest of the oscillatory range covered by the parabolic equation 
are comparable with the errors of measurement of the circuit constants. 


14. STARTING OF OSCILLATIONS. 


The manner in which an oscillator starts may be described as follows: 
On throwing on the plate voltage, the space current builds up according 
to the form J, (1 — e“) and a transient oscillation is started in the 
oscillation circuit. This transient, instead of dying out as in ordinary 
oscillatory circuits, builds up, on account of the circuit damping constant 
d; being positive. 

In a damped oscillatory circuit, the oscillations, theoretically, never 
become zero. In a circuit of this kind capable of oscillating, it is the- 
oretically possible to start the plate current through the audion and have 
no oscillations, and attach the circuit afterward and make it take an 
infinitely long time for the oscillations to build up. As long as no tran- 
sient starts in the circuit, no oscillations will result. The condition is 
equivalent to that of balancing an object on a sharp point. Such an 
object will never fall until something starts it. Similarly the audion 
oscillator circuit will never oscillate until something starts it. Prac- 
tically this condition is as impossible to attain as is the mechanical 
analogue given because there are all kinds of electrical disturbances 
traveling in the ether which will start it off the same as external mechan- 
ical disturbances would start off the unstable mechanical analogue. 
The oscillations once started, no matter how small, will increase with 
time until the stage of full oscillation is reached. 

The manner in which the current builds up in an oscillator is shown 
in Figs. 11 and 12. 
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Figure 11 shows the space current building up with the first closing of 
the switch and the subsequent alternating current as the oscillations 
increase. At the place where the saturation point of the filament, and 
the bottom of the curve come into play due to the oscillations having 
built up, the logarithmic increase according to these equations ceases 
and the space alternating current begins to assume a constant value with 


























Fig. 11. Fig. 12. 


Space current of starting oscillator. Oscillation current of starting oscillator. 


the peaks flattened. At the same time the oscillation current in Fig. 12 
also stops increasing logarithmically and approaches a constant value 
which is the steady state condition. 


15. OTHER REQUIREMENTS INDICATED. 
If we take equation 18, which gives the requirements for oscillation, 
and make the mutual reactance between plate and grid circuits zero 
(W = 0) we have 


Z3(Z1+ 21+ 23s) + 2Zs(Z5 + (u + 1)Z1) = 0. (53) 
If all resistances are zero, the above equation divides into two parts, viz: 
Z(Z5 + (u + 1)Z1) = 0, (54) 


in which all terms are purely imaginary (except uw) and the product 
therefore real, and 

Z3(Z1 + Z; + Z;) = 0, (55) 
in which Z; is a pure resistance, Z;, Z; and Z; are pure reactances. The 
product is therefore imaginary. For (53) to be zero, both 54 and 55 
must separately be equal to zero. Z, and Z; cannot have zero values in 
a freely oscillatory circuit and therefore the parenthetical terms must be 
zero. This means in 54 that either Z; or Z; must be negative—that is a 
capacitive reactance—while the other is inductance. Comparing, or 
substituting 54 in 55 show that Z,; = wZ, and is of the same sign. That 
means, if a circuit is constructed with the three elements Z;, Zs, and Z; 
as shown in Fig. 13, that if Z; is an inductive reactance, Z, must also be 
an.inductive reactance while Z; must be a capacitive reactance or, if 2 











234 R. A. HEISING. Seconp 


is a Capacitive reactance, Z, must also be a capacitive reactance and Z; 
must be an inductive reactance. Phase relations are then such that 
sustained oscillations will occur. 


16. EQUATIONS FOR COLPITTS’ CriRCUIT (FIG. 14). 


The same equations can be applied to Colpitts’ circuit and similar 
solutions result. The circuit is similar in form to the Hartley circuit 
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Fig. 13. Fig. 14. 
Schematic diagram of an oscillator. Colpitts oscillator circuit. 


but has inductances instead of capacities and vice-versa. This circuit, 
however, has no mutual between Z; and Z,;. Rewriting equation 18 
with W equal to zero, 


Z3(Z1 + Zs + Zs) + (ut 1)2Z12Z, + ZsZ; = O. (56) 
Putting in the values for Z;, Zs, and Z; to fit Fig. 14, 


I 
Z; =Rit7 


- . (57) 
4=Rtcc: : 





Z; = R;+aL;, 7 
we have 


I I 
Z( Rt R+Rt tet tals + itn| B+ +R, Ry+ ZC eae| 


L R; 
°4+ RyL;a+— =o. (58) 
ac, 


TRG 


Multiplying through by a’ 
Zyl (Rit Rt Roa +o'Let + &|+utn| 0 Ri Ritoe 


+B E40 ‘(a Rs+ 2) +a! Rilst =o. (59) 
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Collecting in descending powers of a, 
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L; 
(Rt Za)Leto'| Z(R+¢ RRO +RRs+ C,t (u+ DRR,| 


R,_ R, 
+a (L4+2)2s+tn( E+E) + 2 |+utnge — =0, (60) 


which has the same general form as equation 21 ° 


a+aex+ay+2=0, (61) 


where 


L; 
Z3(Ri + Ra + R;) + RaRs + Ct (u +1) Rik, 





(Ry + Z3)L; ; 
I I R, R; 
- alata)+o+o(Sta)+e | oo 
7 (Ry + Z3 a. . ’ 
a 
ae ee 
: ~ (R, + Z3)L;° 





The solution of a in this equation is somewhat different from that of 
the Hartley circuit. Referring back to equations 24, 25, and 26, it will 
be remembered that we neglected d; in comparison with d2, and d;° 
in comparison with w*. In this circuit, the values of d; and dz are such 
that we cannot neglect d; in comparison with d, but we can neglect d,;’ 
and 2d,d2 in comparison with w*. This gives us 


wo” = ¥, 


d= — 
; a" ¢ (63) 


d,; = }(—x — d2) -1(5-«). 
al J 


Inspection of d. shows that it will always be a negative quantity which 
is to be expected since it is concerned with the direct current transients 
in the circuit. If we write the approximate value of w*? (which holds 
when R; = R; = R; = 0) we have 








(u + 1) : 
et eS Oe TS (64) 
If uw is zero, this reduces to 
I 
d» ——e=-,) aa itr =e. x, (65) 


(Ri + Z3)(Ci + Cy) 


which is the decrement in a circuit containing a capacity of C; + C, 
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and a resistance of Ry + Z3. The resistance R, is not in series with both 
capacities C, and C, but in the assumption of w? = 1/L;Cy it was assumed 
that Ry was zero which accounts for the discrepancy. On making 
R, = 0 throughout as it should be to make the assumption hold, the 
equation assumes the exact and correct form for these conditions. 

The effective capacity of C, and C, in series is called Cy in the following 
equations and equals (CiC,)/(Ci + C,). 

The value of w from equations 62 and 63 is 


Ri 
: w+ (B+ a)+2 


= + 
R R Z3)L; 
Lik ( I + s) ( 4 + 3) 


This equation shows that the frequency is determined by the oscilla- 
tion circuit L;, C; and Cj in series and that if R;, Ry, and R; are zero, the 
frequency is exactly the resonant frequency. Varying the resistances 
causes the frequency to vary around the resonant value. Raising 
resistance R, raises the frequency. Raising resistance R; will also raise 
the frequency but not in the same proportion as R,; will. Increasing Ry, 
may either raise or lower the frequency depending upon the other circuit 
constants. This circuit operates at a frequency above the resonant value. 
The usual circuit constants when operating on an antenna are such as 
will cause the frequency to raise as R; is increased but drop if Ry is 


(66) 





increased. 
The oscillation damping factor is 


L 
I WD oe Z5(RitRitRs) + Rist & + (ut RRs 
2| (Rit-Zs)Lsu* (Rit Zs)Ls (67) 


which can be either positive or negative. For free oscillations, the 
equation must give a positive value for d; or 


u+I 
Ci Cy 


Rearranging, 





d,= 





L 
= Z;,(Ri + Ri + Rs) + RsRs + ra +(u+1)RiRs. (68) 





, L 
(u _— 1) (nes a RRs) rnd Z3(Ri + R; + R;) + R3R; +? (69) 
or 
L 
G+ Z(Ri + Rs + Rs) + RRs 


etiz— (70) 


I 
CC ~ Bik: 
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This equation shows that increasing the resistances raises the value of 
u necessary for free oscillations. If we put in the approximate value of w* 





L 
G, + Zs(Ri + Ri t+ Rs) + Ris 
ati= jm (71) 
1 A 


and it becomes evident that the increasing of the resistances can be com- 
pensated for by increasing the ratio of L; to (C; + C,). That is, when 
R, Ry, or Rs; are increased, C; and C, must be both decreased. Decreas- 
ing C, alone will compensate to a certain extent but when it gets small 
compared to Cy, it has little influence. Increasing L; will help as 
L;/(C:1 + Cs) is the predominating denominator term while L;/C, is 
of the order of magnitude of the remainder of the numerator. 

If the resistances in the circuit are all zero, we have the condition 

= £1 . 
== CG; . (72) 
as the requirement for oscillation. This holds even though the circuit 
dissipates no energy. It corresponds with the requirement of a zero 
resistance Hartley circuit as given equation (40). 

This type of circuit operates at a frequency slightly above the resonant 
frequency. The reduction in frequency due to the term 1 + (R,/Z;) is 
less than.the increase due to the added term. 

If we neglect the small term in equation 71 we can say 


L 
a + Z(Ri + Rs + Rs) 


4 








wt+1z me ,; (73) 
C; + C; 
" CEs (CC) 
v => 23(R; + Ry + Rs) pa (22) To (74) 
and calling Cp the effective capacity of C; and C, in series. 
C:C C 
w= Z3(R,i + Ri + Rs) Lc. + a. , (75) 


which is exactly similar to equation 47 in form but has the reciprocal of 
a capacity wherever equation 47 has an inductance and vice versa. 
Curves 4, 5, and 6 for the Hartley circuit are therefore applicable to 
this equation for the Colpitts’ circuit if we substitute 1/C; for Li, 1/C, 
for Ly, 1/Co for Lo and 1/C; for Ls. 
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AMPLIFICATION OF ELECTRIC CURRENTS IN THE 
BUNSEN FLAME. 


By C. W. HEaps. 


SYNOPSIS. 

Modulation of Electric Currents in a Bunsen Flame; the Use of a Third Electrode. 
—When an electric current is sent through a Bunsen flame, entering and leaving 
the flame by platinum terminals, it has been found by the author that amplification 
effects similar to those in vacuum tubes may besgcured by the use of a third elec- 
trode or grid placed near the lime-coated cathode in the flame. The potential of 
this grid is varied with respect to the cathode and direct current characteristic 
curves are given showing the current as a function of the grid potential. These 
curves are similar in appearance to those obtained with the audion, and may be 
utilized in the customary way for calculating the amplification constants. The 
factors influencing these amplification constants are discussed and it is found that 
under what are probably the most favorable conditions of the apparatus used, 
the voltage amplification is but little greater than unity. The power amplification 
is about 108 and the current amplification about 101. The theory of the action 
is outlined in a general way, the effectiveness of the grid being ascribed to its re- 
tarding influence on the electron emission of the cathode. A consequent change in 
the cathode fall of potential alters the current through the flame. The utility of the 
device is not comparabie with that of the vacuum tube amplifiers, largely because of 
the difficulty of securing permanent flame conditions. The energy output of the 
simple device used was also necessarily small because of the high flame resistance. 
It could be used, however, for the detection of electric waves. 


HE phenomena associated with the passage of an electric current 
through a Bunsen flame have been extensively studied by H. A. 
Wilson and others. It is found that if two clean platinum wires are 
used as electrodes in the flame, and if they are about equally heated, 
then the potential gradient in the flame between the electrodes is by no 
means uniform. In general there is a small fall of potential in passing 
from the positive electrode into the gas, a uniform and very small poten- 
tial gradient in the region midway between the electrodes, and a very 
large drop of potential in the immediate neighborhood of the negative 
electrode.' Practically all the fall of potential in the flame is found near 
the negative terminal. This condition of affaits is to be expected in an 
ionized gas if the negative ions are much more mobile than the positive 
ions. The cathode fall of potential is caused by a deficiency of negative 
ions in the gas around the cathode, and the net result of this deficiency 


1H. A. Wilson: Electrical Properties of Flames and Incandescent Solids, p. 61. 
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is that the greater part of the resistance to the passage of the current is 
located very near the cathode. 

Now when salt or lime is put on the hot cathode the drop of potential 
there is very much diminished and the potential gradient in the flame 
becomes much more uniform. Apparently the heated salt or lime by 
emitting electrons does away with the deficiency of negative ions in the 
gas near the cathode, with the result that there is a great decrease in the 
resistance of the flame to the passage of an electric current. The current 
through the flame may be increased as much as a hundred fold by this 
application of lime. It appears evident, therefore, that if one could 
regulate in a simple fashion the electron emission of the hot lime, then 
very large changes in the magnitude of the current through the flame 
could be effected. This regulation of electron emission from a hot wire 
is accomplished very effectively in the three electrode vacuum tubes of 
the audion type by a grid, or third electrode, the potential of which is 
adjusted by an outside battery. In this paper are described the results 
of using a third electrode for changing the magnitude of the electric 
current through a Bunsen flame. 

Preliminary experiments were made with the electrodes all in the form 
of straight wires placed parallel with each other and in a vertical plane. 
The top wire was made the cathode and sealing wax was burned on it. 
The residue of burned sealing wax contains calcium and barium oxides, 
is tightly adherent to the wire, and serves as an efficient source of elec- 
trons when heated. The straight wire serving as grid was placed below 
the cathode, having first been cleaned by boiling in hydrochloric acid. 
This grid was set very close to the cathode, its effectiveness being much 
greater when so placed. However, it was found that when the distance 
between grid and cathode was less than about half a millimeter particles 
from the sealing wax deposit collected on the grid when the wires were 
placed in the flame. As the grid functioned properly only when clean 
it could not, therefore, be placed too close to the cathode. The third 
wire, the anode, was a short distance below the grid. 

The anode and cathode were now connected in series with a galvan- 
ometer, a resistance, and a battery of dry cells. The grid was also 
connected through a battery and galvanometer to the cathode. The 
terminals were then placed in the vertical flame from a Meker burner. 
This burner was supplied with a mixture of gasoline vapor and air, the 
air being furnished by a compressor outside the room. A flame produced 
in this way is steadier and more homogeneous than when air from the 
room is taken in at the base of the burner by the usual method, because 
the.entrance of dust and impurities into the flame is to some extent 
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prevented. The whole arrangement of apparatus is shown in Fig. 1. 
The galvanometer. G, had a resistance of 240 ohms and gave a deflection 
of one division for a current of two microamperes. The galvanometer G 
deflected one division for a current of 3.3 X 10-’ amperes and had a 
resistance of 235 ohms. The resistance R could be adjusted by steps of 
10° ohms from 0 to 2 megohms. The component parts of the electrical 
system were insulated from the earth by ebonite blocks. 
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Fig. 1. Fig. 2. 


Fig. 2 shows one of a set of curves obtained with this apparatus. The 
grid was 1.5 mm. below the cathode and the anode 3 mm. below the grid. 
The battery B had a constant electromotive force of 56.5 volts and the 
resistance R a constant value of 2 megohms. The current flowing to the 
anode is plotted as ordinates in curve J and the current to the grid as 
ordinates in curve J’. Values of the grid current were multiplied by 10 
before being plotted and the grid current is considered as negative when 
it flows from grid to cathode through the galvanometer G. Similar 
curves obtained when R = o show a greater effect of the grid potential 
on the main current to the anode than is indicated by Fig. 2. 

From inspection of the curves it appears that the applying of a negative 
potential to the grid has the effect of decreasing the main current and 
increasing the grid current. Such an effect can be secured only when the 
grid is free from lime, as in this case there is a large resistance to the 
passage of a current into the grid. Furthermore, with a clean grid the 
current produced in the grid circuit does not increase proportionally 
with the E.M.F. of battery A, but at a slower rate if this E.M.F. is fairly 
large. This fact is a well known phenomenon in the case of flame 
conduction.! However, as soon as the grid becomes sufficiently positive 
with respect to the cathode the grid current changes in direction and 
increases very rapidly with the grid potential. At this point the current 


1 Electrical Properties of Flames, p. 59. 
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flowing to the anode begins to diminish,—a result to be expected as a 
consequence of the deviation of current from the cathode through the 
grid into the flame; for when the grid is positive with respect to the 
cathode it functions as an anode, hence manifesting a comparatively 
small resistance to the passage of a current. 

It is apparent from the curve that a small change of current input 
causes a larger change in the current output, hence the device may be 
said to function as a current relay, or amplifier. If the effectiveness of the 
relay action is due to the retarding action of the grid potential on the 
electrons emitted from the cathode one would expect that another form 
might be given this third electrode so as to increase its effectiveness. 
The more completely the cathode is surrounded by the grid the greater 
should be the influence of the latter. However, the following points 
are to be considered. First, no part of the grid may be above the cathode, 
for in this position particles from the 
sealing wax deposit are carried upward 
and lodged on the grid, thus impairing 
its effectiveness as explained above. 
Second, the immediate proximity of a 
mass of metal exercises a cooling effect 
on the cathode, in which event the 
current flowing to it is considerably di- 
minished. In view of these facts the 
following arrangement was adopted. 
The tip of the cathode was bent up- 
ward, the bend being made about half 
a centimeter from the end, and the 
sealing wax deposit confined to the tip 
of this upturned wire. A spiral coil of 
platinum wire, containing three turns, 
about 0.7 cm. long and 0.65 cm. in di- Fig. 3. 
ameter was placed concentrically around 
the upturned tip of the cathode. The anode was placed 1 cm. below 
this combination. The electric circuits outside the flame were set up a 
in Fig. 1. 

Some characteristic curves obtained with this arrangement are shown 
in Fig. 3. Here, as before, the grid current, multiplied by 10 before being 
plotted, is given by curves I’ and JI’. The curves giving the current to 
the anode are correspondingly marked J and JZ. Each point on the 
curves JJ and II’ represents the mean of two separate observations—the 
first set of readings being taken as the gird battery was being increased 
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to its maximum E.M.F., the second set as it was being decreased. This 
method of observation was adopted in order to correct for slow steady 
changes which might occur in the nature of the flame or the lime deposit 
on the cathode. Such changes are difficult to prevent but in this case 
were found to be sufficiently small so that only one set of readings was 
taken for curves J and 7’. For these curves the external resistance was 
that of the galvanometer, t.e., 240 ohms; for JJ and JJ’ a resistance of 2 
megohms was added. Curve J bends downward in a fashion similar to 
II when the E.M.F. of the grid battery is slightly greater than 60 volts. 
A comparison of Fig. 3 with Fig. 2 shows very clearly that the spiral 
type of grid is more effective in modifying the main current than the 
single straight wire. Indeed the general form of the curves of Fig. 3 is 
strikingly similar to the well known characteristic curves of vacuum 
tube amplifiers. An important difference, however, lies in the failure 
of the main current curves to approach so closely the axis of grid E.M.F. 
as is the case with the audion. It is impossible in a flame amplifier for 
the main current to be reduced below a certain minimum by altering 
the grid potential because the grid current is always an essential part 
of the main current, and furthermore, the grid current is always appre- 
ciable. 

In calculating the amplifying factors of this arrangement the same 
methods may be used as are practiced with vacuum tube amplifiers. 
The current is a function both of the E.M.F. of the grid battery and of 
the main battery B, so that the function expressing the relationship 
between these three variables will be the equation of a surface, called 
the characteristic surface. When a current flows between two clean 
electrodes in a flame it has been shown! by H. A. Wilson that the potential 
difference between the terminals is given by E = al + b/* where IJ is 
the current and a and } are constants. If the action of the grid battery, 
of E.M.F. V, is to introduce an E.M.F. in the main circuit, we might ex- 
pect the functional relation between the three variables to be of the type 


E+kV =al+0P, 
where E£ is the E.M.F, of battery B. Obviously this equation does not 
fit the curves of Fig. 3 over their entire length unless & is a variable. 
However, if we confine our operations to a region on the characteristic 
‘surface which is sensibly plane the equation may be written in the form 
E+kV =al. 
If Eis kept constant and V varied we have k/6V = aéI. The constant 
a may be considered as equal to R + Ro, where Rp is the resistance of 


1 Electrical Properties of Flames, p. 62. 
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the flame between anode and cathode and R is the external resistance. 
The amplifying factor k is thus given by 


6I 
k= (R + Ro) = 


and its value may be obtained by reference to the curves of Fig. 3. 
The change, 6/, in the main current is associated with a change 6 in 
the grid current—hence the current amplification may be defined as 
& = 61/61. Obviously the change 6V in the grid battery will produce 
a change Ré/J in the potential drop across the external resistance. The 
ratio uw = R6éI/6V may be called the voltage amplification. The power 
developed in R by this potential change is RéJ*. The power supplied 
by the grid is 6V 61. The power amplification is thus 7 = RéI*/6V6i. 
The above quantities may be expressed in the form: 


na __ RR _ _ Rk 
. 8’ eT R+ Re’ wee re 


In calculating the numerical values of these expressions it will be 
convenient to let 6V = 25 volts, the initial value of V being zero. Cor- 
responding values, then, of the other variables are for curves J and I’: 
él = 20.7 X 10°, 64 = — 0.56 X 1077, R = 240. For curves JJ and 
II’ we have 6I = 13.4 X 10°, 64 = — 1.32 X 1077 and R = 2 X 10°, 
The value of Ry is about 8 X 10° ohms for both curves. Substituting 
these numbers in the equations we get 

















R= 240 R =2X 108 
k 6.62 5.36 
t 370 101.5 
m 1.98 x 10-4 1.07 
2 7.32 X 107? 108.6 














There is thus no voltage or power amplification unless the external 
resistance is large. Even then the value of u is small as compared with 
u for a vacuum tube amplifier. However, in a flame a large value 
is not to be expected for the following reason. The action of the grid is 
supposed to consist in retarding or accelerating the electron emission of 
the cathode; hence, in order to be effective the grid must be instrumental 
in setting up an electric field of the proper value at the immediate surface 
of the cathode. Now throughout the range of the curves of Fig. 3 
where amplification is apparent a small current is flowing from the flame 
into the grid, and since the grid is free from lime there will be, therefore, 
a big fall of potential at the grid. A much larger current flows from the 
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flame into the cathode as a result of the much smaller potential gradient 
at this terminal. Suppose, now, that the grid is given a greater negative 
potential by increasing the E.M.F. of battery A by an amount 6V. Since 
the fall of potential at the grid is caused by the driving of negative ions 
out of the region around the grid one effect of 5V would be to extend the 
region in which there is a scarcity of negative ions. For a sufficiently 
large 6V this region might be extended to include the cathode, with the 
result that the electron emission of the latter is retarded. The current 
to the cathode would thus be diminished. Evidence in favor of this 
view is found in the fact that the action of the grid is enfeebled by taking 
it farther away from the cathode. The potential change, 6V, does not, 
therefore, produce a proportional potential gradient change at the 
cathode; we should expect this 6V to be distributed unevenly over a 
more extended region, a greater amount being located near the grid than 
at a distance from it. The net result of such a condition would be that 
65V must be fairly large to produce much of an effect. A large 6V means 
a small voltage amplification. However, the change, 6V, does not pro- 
duce a big change of grid current so the power supplied may be small, 
and power amplification is thus possible. 

In order to test out further the above theory of grid action some 
experiments were made with a lime-coated grid. Suppose that in some 
way the magnitude of the current taken in through the grid were a 
direct factor in diminishing the main current and that the potential 
drop at the grid were not an important 
factor. Then a lime-coated grid should 
function even more effectively than a 
clean one because in this case much 
smaller values of 6V are necessary to 
produce a given change in the grid cur- 
rent. However, experiments instituted 

Fig. 4. to detect such an action failed to give 

any evidence in support of such a view. 

A given grid current change, 67, in the case of a lime coated grid is asso- 

ciated with a very much smaller change of main current than is the case 
when the grid is clean. 

An ingenious method has been devised by Miller! for determining k 
experimentally for the audion. His method as adapted for use with the 
flame is illustrated by Fig. 4. Here the resistances r; and r2 are small 
compared with the flame resistance so that when the key K is closed 
E.M.F.’s are introduced into the grid circuit and the anode circuit which 

1 Proc. Inst. Radio Engineers, 6, p. 141, 1918. 
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are proportional, respectively, to r2 and 7;._ If these two resistances are 
adjusted so that the galvanometer G’ is unaffected by the closing of K 
their ratio gives the value of k. Experimentally it was found convenient 
to make 72 = 100 and then vary 7;. The values of k obtained were as 
follows: 











E.MF. of B. | Current Through CG’. ke 
biases cieatta a - eae: =— 
27.8 volts 4.7 microamps. 2.4 
— “ | 12.5 ” 4.0 
95.0 “ | 16.5 “ 6.0 


The arrangement of electrodes and grid had been disturbed before 
' these measurements were made so that these values of k cannot be 
expected to compare with those obtained from the curves of Fig. 3. 
Also, as the E.M.F. of battery B was increased the accuracy of measure- 
ment by the above method was considerably decreased. It is to be 
noted, however, that an increase of E.M.F. in the main circuit produces 
an increase of k, though some later experiments indicated clearly that 
there is little to be gained in amplification by having battery B greater 
than 150 volts. The internal resistance Ro is increased and the slope 
of the characteristic curve decreased when,an E.M.F. of 580 volts is used 
in the main circuit. These results are probably produced by the setting 
up of larger potential gradients at the terminals. In a previous paper! 
experiments are described showing that the gradient increases more 
rapidly at the anode than at the lime-coated cathode when the E.M.F. 
is increased, and that with the appearance of the large gradient at the 
anode the current does not increase so rapidly. The flame resistance 
would thus be increased; and the fact that the gradient at the cathode 
increases explains why the grid would require a larger potential change 
to produce a given current change. 

It was found that when the flame was made hotter by the admission 
of more air the current through G’ was increased. The value of k, 
however, was made smaller. Such an effect is to be expected if the theory 
of the action of the grid is as outlined above. For when the cathoae is 
raised to a higher temperature we may expect more electrons to be 
emitted, thus diminishing still further the cathode fall of potential and 
hence increasing the current. But we also suppose the average velocity 
of the electrons emitted to be increased by the rise of temperature. 
Hence, to retard the emission by a given amount the grid requires a 
greater negative potential than was necessary before the increased 
heating. 


1 Puys. REV., 7, 1916, p. 663. 
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The direct current characteristics of the flame amplifier may be deter- 
mined as above in a comparatively easy manner, but owing to the small- 
ness of the currents involved there is some difficulty in making quantita- 
tive measurements using alternating grid potentials. A_ sensitive 
telephone may be used as indicator but care is necessary if capacity 
effects are to be avoided. The question also arises regarding the presence 
of a time lag in the action of the grid. Such a lag is entirely inappreciable 
in vacuum tube amplifiers, but there is reason for searching for such an 
effect in a flame amplifier. When a battery, telephone, and flame are 
connected in series and the current made by closing a key the click in the 
telephone is less sharp and distinct than is the case if for the flame a 
pure resistance of equal magnitude is substituted. Apparently the cur- 
rent does not build up through a flame in the same fashion as through a 
pure resistance when the E.M.F. is applied. Indeed, one would not 
expect this to be the case, for a flame has been shown to behave like a 
capacity for high frequency electrical oscillations.' 

These considerations seemed to make advisable a study of the time 
relations involved in the making and breaking of electric currents in a 
flame. A string galvanometer was accordingly inserted at G (Fig. 1) 
and a number of photographs made using a photographic film mounted 
on a revolving drum, showing the motion of the galvanometer string 
as the grid potential was changed. Comparison photographs were also 
obtained when the galvanometer was inserted in a complete metallic, 
inductionless circuit containing a battery, and the current made by 
closing a key. These comparison photographs indicated that the time 
lag of the galvanometer string was 0.019 seconds. Inasmuch as there 
was no measurable difference between the comparison photographs and 
the photographs showing the change of flame current it is to be concluded 
that if there is any time lag in the building up or breaking off of a current 
through a flame this lag must be less than 0.019 seconds. 

The chief disadvantages at present apparent in the use of a flame 
amplifier for practical purposes are the smallness of the current output 
and the difficulty of securing steady and exactly reproducible conditions. 
In some instances, however, it may be used with convenience, e.g., in 
the detection of electric waves for class demonstrations, etc. The use 
of a third electrode, or grid, is of some interest theoretically and experi- 
mentally in that it affords a method of studying the mechanism of 
flame conduction. 


THE RIcE INSTITUTE, 
Houston, TEXAS. 
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are proportional, respectively, to 72 and r;._ If these two resistances are 
adjusted so that the galvanometer G’ is unaffected by the closing of K 
their ratio gives the value of k. Experimentally it was found convenient 
to make r, = 100 and then vary 7r;. The values of k obtained were as 
follows: 











E.MF. of B. | Current Through CG’. 7 k. 
27.8 volts 4.7 microamps. 2.4 
54.7 “ 12.5 ™ 4.0 


95.0 “ 16.5 ‘a 6.0 


The arrangement of electrodes and grid had been disturbed before 
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of the action of the grid is as outlined above. For when the cathode is 
raised to a higher temperature we may expect more electrons to be 
emitted, thus diminishing still further the cathode fall of potential and 
hence increasing the current. But we also suppose the average velocity 
of the electrons emitted to be increased by the rise of temperature. 
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heating. 
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